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1 Introduction 
1.1  Why Nanoscale? 
Nanoparticles are defined as material with at least one dimension in the 1–100 nm range. 
As the particle size enters the nanoscale dimension, the surface area to volume ratio 
increases significantly and imparts interesting physicochemical and electrical properties 
to the materials. Due to their unique size dependent properties, nanoparticles present an 
excellent platform for a wide range of applications such as drug delivery, catalysis, 
sensing, and biological contrast agents. In a lecture entitled “There is plenty of room at 
the bottom” given to the American Physical Society in 1959, Richard Feynman for the 
first time presented the potentiality of nanoscale materials and applications beyond the 
resolution of the naked eye [1]. Through his talk, he laid out the theoretical ideas for 
controlling and manipulating matter at the atomic scale. While his inspiring speech 
resonated within the minds of scientists on a global scale, it was not until the advent of 
scanning tunneling microscopy (1981) and atomic force microscopy (1985) that his 
hypothesis was proven correct. The recent progress in nanoscience has enabled the 
fabrication of nanoparticles with tunable optical, electrical and magnetic features by 
controlling their size, shape and constituents [2-4]. For instance, semiconducting 
quantum dots can exhibit distinct changes in their optical and electrical properties based 
on their size. Their emission profile can be tuned from deep red to blue as the nanocrystal 
decreases from 20 nm to 2 nm [5-7].  
1.2  The Promise of Nanoscience in Biomedical Applications 
Nanomaterials are envisioned to have a large impact in medicine especially for imaging, 
diagnostics and therapeutics. Research has been directed towards the development of 
novel and non-invasive techniques for rapid detection, early intervention and a greater 
probability of therapeutic success for diseases with unmet medical needs. Of particular 
interest are photoluminescent nanoparticles that can be used for in vivo optical imaging 
(OI). OI is a non-invasive, cost-effective and highly informative tool for visualizing various 
biological processes, which might be crucial for the pathogenesis and progression of 
many diseases [8-10]. Moreover, it offers a unique possibility for visualizing in real-time 
morphological and physiological details in tissues with subcellular resolution. This 
technique is based on the contrast given by the interaction of the light with a fluorophore. 
For photoluminescent materials to be developed as ideal optical probe for in vivo 
imaging, they need to possess several essential features including (i) intense and narrow 
emission peaks, (ii) photostability, (iii) non-toxicity, and (iv) separable signal from 
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background fluorescence. Luminescent probes can be divided in two main categories 
namely organic fluorophores and inorganic nanomaterials. In the following sections, the 
properties of such materials as well as their advantages and disadvantages in the context 
of cancer diagnosis and treatment in particular will be briefly discussed. 
1.2.1  Organic Fluorophores 
Organic fluorophores have been extensively used as fluorescent labels in conventional 
imaging techniques due to low cost. However, the main problems related to the use of 
organic fluorophores lies in the fact that they lack adequate photochemical stability and 
tend to undergo photobleaching under repeated or continued excitation. As the 
fluorophore degrades, its optical response deteriorates resulting in decreased detection. 
Moreover, organic fluorophore-based optical imaging is usually limited in detection 
capability due to the presence of other organic molecules (such as collagen and melanin) 
in biological tissues that can also show variable degrees of fluorescence 
(‘autofluorescence’) [11, 12]. This interference creates a high background for imaging, 
which reduces the S/N ratio and limits the detection sensitivity [13]. 
1.2.2  Quantum Dots 
Colloidal luminescent nanoparticles (NPs) have emerged as an alternative to 
conventional organic fluorophores for applications where probe size control, tunability of 
optical properties, land photostability are paramount. Early efforts focused on quantum 
dots (QDs), which have since become widespread. QDs are inorganic nanoparticles 
composed of semiconductor metals (group II-VI) of the periodic table.  
Quantum dots possess unique optical properties, which stem from the fact that their 
physical dimensions (typically 2–10 nm) are smaller than the exciton Bohr radius [7, 14]. 
Excitation using photons of energy hν higher than the QDs bandgap promotes some of 
the electrons from the valence band to the conduction band and this leads to the 
generation of electron-hole pairs. The pair then rapidly recombines and there is emission 
of less energetic photons. The optical properties of QDs are directly related to their 
nanoscale sizes, a physical phenomenon known as the quantum confinement effect 
(Scheme 1.2.2-1) [15, 16]. 
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Scheme 2.2.2-1: Diagram illustrating the band gap energy level as a result of the quantum confinement effect in QDs. 
Radiative emission results from the recombination of electrons (e-) and holes (h+) there is a radiative emission. The 
energy needed to overcome the bandgap is inversely proportional to the emitted wavelength. This means, the smaller 
the QD the more blue shifted is the emission. 
Although QDs provide many advantages, they have intermittent emission (blinking), 
which impedes their application in long-term repetitive imaging. Most importantly, QDs 
require UV excitation resulting in low penetration depth due to diverse absorption and 
scattering processes, and risk of photon-induced tissue damage associated with the 
phototoxicity of UV light. Considering these problems, upconversion nanoparticles have 
attracted attention as the next generation of optical imaging probes [17-20].  
1.2.3 Lanthanide Doped Nanoparticles 
Upconversion (UC) refers to an anti-Stokes process in which two or more low energy 
photons are sequentially absorbed via intermediate long-lived electronic states, resulting 
in an excitation of a higher electronic state, emitting one higher energy photon. These 
intermediate states act as temporary photon reservoirs, and hence the efficiency of the 
upconversion process is several orders of magnitude higher than other non-linear 
multiphoton absorption processes. This unique advantage of upconversion enables the 
process to be realized by low power density excitation continuous wavelength (CW) 
diode lasers [21].  
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Upconverting nanoparticles (UCNPs) are special class of photoluminescent 
nanomaterials (NMs) that absorb photon in the near infrared (NIR) range to emit higher 
energy photons [21-24]. Thanks to their low toxicity,[25, 26] photostability,[27] and their 
ability to generate long-lived (µs up to ms range) sharp and intense anti-Stokes 
luminescence,[23, 28] UCNPs are now touted as an important class of fluorescent 
imaging probes [29]. To date, the most frequently studied UCNPs consist of hexagonal 
closed packed (hcp) β-NaYF4 crystal host lattice co-doped with an activator i.e. the 
emissive species (e.g., Er3+, Tm3+, Ho3+) and either Yb3+ or Nd3+ ions as the sensitizer. 
Their spectral properties can be easily tuned by varying not only the dopant Ln3+ ions but 
also their relative proportions (Figure 1.2.3-1). Furthermore, the excitation of UCNPs by 
means of low energy NIR radiation allows to exploit the NIR-1 optical transparency 
window (650–950 nm), where water and tissue absorption is minimal, [30-32] resulting 
in higher penetration depths [33] and reduced photodamage [34].  
 
 
Figure 1.2.3-1: Examples of our as-synthesized UCNPs that emit light in the visible spectrum upon 800 nm 
laser excitation. (a) green - NaYF4 doped with Nd3+/Yb3+/Er3+(1%,20%,2%), (b) blue - NaYF4 doped with 
Nd3+/Yb3+/Tm3+(1%,20,0.5%), and (c) orange/yellow - NaYF4 doped with Nd3+/Ce3+/Ho3+ (1%,15%,2%). 
UCNP dispersions are in hexane (5 mg/mL). 
1.2.4  Cytotoxicity of UCNPs  
The increased interest in exploring biological applications for UCNPs has compelled 
researchers to further investigate their toxicity. As potential biomedical agents, the 
toxicity of UCNP nanocrystals has been investigated with reference to in vitro cytotoxic 
activity and long-term living toxicity [35, 36]. Numerous in vitro cytotoxicity studies by 
means of MTT (methyl thiazolyl tetrazolium), MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, sodium salts) and CCK-8 
mitochondrial metabolic activity assays have already demonstrated that UCNPs have 
low cytotoxicity even after 24-48 h incubation periods for concentrations ranging from 25 
µg/mL to 500 µg/mL [35, 37-40]. 
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To date, relatively few systematic in vivo studies assessing long-term toxicity of UCNPs 
have been conducted. In 2010, Xiong et al. studied the long-term biodistribution and 
toxicity of polyacrylic acid (PAA) coated NaYF4: Yb3+, Tm3+ UCNPs with an average 
mean diameter of 11.5 nm [41]. The long-term toxicity of UCNPs in small animals can be 
evaluated by behavior observation, body weight measurement, histology and 
hematology analysis, and established serum biochemistry assays. Their results indicates 
that mice intravenously injected with 15 mg·kg-1 of PAA-coated UCNPs survived for 115 
days without any evident (observational, histological, hematological and biochemical) 
toxic effects. The UCNPs were mainly detected in liver and spleen [41, 42]. Overall, on 
the basis of the in vitro and in vivo toxicity studies conducted to date, it can be concluded 
that UCNPs exhibit low toxicity and good biocompatibility. This is encouraging for the 
exploration of their applications in biomedicine. 
1.3  Aim and Thesis Overview 
Synthesis of lanthanide-doped UCNPs is usually carried out in high-boiling non-aqueous 
solvents, [22, 28, 43-47] and results in nanocrystals capped with hydrophobic organic 
ligands [22, 28, 44-48]. Consequently, for their application as biomedical probes, such 
UCNPs need to be made water-dispersible and biocompatible whilst retaining their 
optical properties [49-51]. At the same time, upon intravenous administration, NPs enter 
the systemic circulation and are distributed throughout the body via the bloodstream. 
Within the vascular system, NPs encounter the complex biological environment 
containing a wide range of substances (lipids, plasma proteins, etc.). Depending on their 
surface charge and coating, the biological macromolecules can bind to the NPs non-
specifically, leading to the formation of a so-called ‘biomolecular corona’ [52, 53]. This 
protein corona results in recognition and rapid uptake of the NPs by the reticulo-
endothelial system (RES) or mononuclear phagocyte system (MPS) in the liver and 
spleen [54, 55]. The size, morphology and charge of nanoparticles preclude their efficient 
clearance from the body as intact nanoparticles. Without complete elimination of 
nanoparticles from the body within a reasonable time, acute toxicity is potentially 
amplified.  
It is well known that zwitterionic or neutral charged sub-10 nm NPs are efficiently renal 
clearable with low organ accumulation and longer blood circulation times owing to a 
reduced uptake by the reticuloendothelial system. In contrast, NPs exhibiting diameters 
larger than ~10 nm are filtered out by the hepatobiliary pathway through liver and 
intestine [56-58].  
The excretion of NPs from these pathways is extremely slow, leading to unwanted 
accumulation which in turn can cause long-term toxicity [59-61]. Therefore, the central 
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theme of this thesis is the synthesis of small (<10 nm), hydrophilic and biocompatible 
UCNPs with narrow size distribution. Systematic investigation of the protein corona 
formation on the surface-functionalized UCNP forms another key research focus of this 
thesis (see figure 1.3-1).  
 
 
Figure 1.3-1: Representative design of a protein corona resistant UCNPs. The peripheral groups of the 
ligands enable functionalization. 
 
A short description of the subsections of this dissertation is provided for the purpose of 
a rapid overview. 
2 Theory/Background 
Chapter 2 presents an introduction to the characteristics of lanthanides. A literature 
review on different approaches to synthesize upconverting nanoparticles is presented. 
Surface modification strategies and different approaches to engineer biocompatible 
upconverting nanoparticles are also discussed in detail.  
 
3 Results and Discussions 
3.1 The synthesis of sub-10 nm core-shell upconverting nanoparticles with narrow size 
distributions, via co-precipitation method, is presented. Particular emphasis is placed on 
identifying key reaction parameters that can lead to reproducible multi-gram scale 
synthesis of bright upconverting nanoparticles. Finally, a detailed investigation of the 
structure and the photo physical properties of the NPs is performed. 
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3.2 Robust surface modification techniques such as ligand exchange are used to modify 
the hydrophobic character of the nanoparticles. In this section, the upconverting 
nanoparticles were coated with lanthanide-binding bisphosphonate and phosphate 
ligands to generate water-dispersible upconverting nanoparticles. Finally, the influence 
of these surface coatings on protein corona resistance and upconversion luminescence 
was assessed. 
 
3.3 This section discusses the coating of upconverting nanoparticles with diacetylenes 
that undergo a 1,4-topochemical polymerization upon UV-irradiation. This capping 
procedure endows the upconverting nanoparticles with a robust covalently crosslinked 
shell. A systematic investigation of the surface charge of the upconverting nanoparticles, 
and the protein corona formation is also detailed.  
3.4 We introduce a simple and reliable approach to break the concentration quenching 
threshold and significantly boost the upconverting luminescence of upconverting 
nanoparticles through near-infrared (NIR) dye sensitization.  
 
4.1 Closing discussion and outlook 
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2 Theoretical Part 
2.1  Lanthanides 
Lanthanides are the group of elements occupying the sixth row of the periodic table 
starting from lanthanum (atomic number 57) to lutetium (atomic number 71). While 
yttrium and scandium are not part of the lanthanide series, they are also considered as 
rare earth elements or "lanthanoides" due to their similar chemical properties and their 
occurrence in the same ores as the other elements of the lanthanides. A summary of the 
electronic configurations of the lanthanides is presented in Table 2.1-1. 
 
Table 2.1-1: Ground state electronic configurations of the lanthanide elements as well as their ions in the +3 oxidation 
state 
 
The valence electrons of the lanthanides are associated with the 4f orbital, which is 
defined by a closer distance to the nucleus than the already fully occupied 5s, 5p and 6s 
orbitals. The electronic configuration [Xe] 4fn (0<n<14) of the lanthanides results in the 
shielding of 4f electrons. Therefore, they are only weakly affected by the chemical 
environment and can be accurately described by the approximation of the free ion. For 
the ions, the most stable electronic configuration is [Xe] 4fn’5d06s0, which leads to +III 
oxidation state. However, there are other more stable forms for lanthanide ions, such as 
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Ce +4 with the most stable Xe-like electronic configuration (loss of one 4f electron), Eu 
+2 and Tb +4, which are stabilized by half occupied 4f orbitals (4f7). 
The shielded character of 4f orbitals is responsible for the exceptional optical properties 
of the lanthanides. Furthermore, the electronic shielding gives rise to narrow absorption 
and emission bands as well as long luminescence lifetimes (from milliseconds to 
microseconds) of the excited electronic states of the Ln3+ ions. With the exception of La3+ 
and Lu3+, all lanthanides are luminescent and their f–f emissions cover spectral window, 
from UV (Gd3+) to visible (e.g., Pr3+, Sm3+ emit orange light, Eu3+ red, Tb3+ green, Dy3+ 
yellow, Tm3+ blue) and near-infrared ranges (e.g., Pr3+, Nd3+, Ho3+, Er3+, Yb3+ ).[62]  
 According to Laporte’s selection rules, the f–f transitions are parity forbidden since they 
involve electronic transitions between two states of the same parity. Nevertheless, when 
the ions are embedded in a crystalline matrix, the f-f transitions become partially allowed 
due to the crystal-field coupling generated by a non-symmetric local environment. The 
crystal field contribution, although relevant, is weaker than the fully allowed transitions 
found in organic chromophores, as a result, the excited states of Ln3+ ions are long-
lived.[62] The energy levels of lanthanides can be precisely calculated to obtain a 
plethora of states that will remain unaffected to a large extent regardless of the crystal 
host. In the case of trivalent ions (Ln3+), the expected energy levels of 4f electrons are 
presented in the broadly applied Dieke’s diagram (figure 2.1-1), which was first 
established by Dieke and co-workers [63] using LaCl3 as crystal host matrix.  
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Figure 2.1-1: Energy levels of trivalent Ln3+ ions in LaCl3. This diagram is commonly known as “Dieke’s 
Diagram". The Dieke diagram shows the expected positions of the energy levels of each lanthanide ion. The 
levels are labelled according to standard nomenclature. Adapted from reference [64]. 
Dieke’s diagram allows rapid identification of the energy levels and it has been a helpful 
tool in the elaboration of UCNPs and lasers. Due to the shielding of the 4f orbitals 
described above, Dieke’s diagram is applicable to ions in almost any host. In the 
diagram, the energy states are labelled as 2S+1LJ, where L, S and J are the total orbital 
angular momentum, the total spin and the total angular momentum of the state, 
respectively. If the lanthanide ion is in a coordinating environment (for example in an 
inorganic crystal host), its electronic configuration can be split into spectroscopic terms 
due to electronic repulsion, with separations in the order of 104 cm-1. These terms can 
be further split into spectroscopic levels, or J states, due to spin-orbit coupling effects. 
The energy difference between the split J states is in the range of 103 cm-1. These levels, 
in turn, can be split again into what are termed Stark sublevels due to crystal field effects 
from the host matrix. (figure 2.1-2) These splitting may be seen as the fine structure of 
the main emission bands of lanthanide ions [64-66]. 
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Figure 2.1-2: Representation of the resulting level splitting in Ln3+ ions in a crystal host. 
2.2 Upconversion Mechanisms  
A requirement for photon upconversion to occur is the presence of closely spaced 
excited states with long lifetimes, which is found in several transition metal ions (3d, 4d, 
5d). However, the highest upconversion efficiency is shown by lanthanide (Ln)-doped 
solids [21, 22]. Upconversion is distinct from second harmonic generation, and two-
photon absorption process in which, two or more low energy photons are absorbed 
simultaneously through a virtual state. The advantage offered by sequential excitation is 
the possibility of generating upconversion luminescence with low power density and low 
cost continuous-wave (CW) laser diodes. 
Keeping in mind the scope of the work presented in this dissertation, only the three most 
efficient mechanisms of upconversion will be discussed, namely, excited-state 
absorption (ESA), energy transfer upconversion (ETU) and photon avalanche (PA). 
These are schematically shown in figure 2.2-1.  
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Figure 2.2-1: Schematic illustration of UC mechanisms for lanthanide-doped nanocrystals: a) excited state 
absorption (ESA), b) energy transfer upconversion (ETU) c) photon avalanche (PA). G, ground state; E1, 
E2, excited energy state. The full (red), dashed-dotted (red), and full arrows (dark green) represent photon 
excitation, energy transfer, and emission processes, respectively.  
2.2.1  Excited State Absorption (ESA) 
ESA is an upconversion process that involves sequential absorption of two photons by 
a single Ln3+ ion. The mechanism was first described by Bloembergen [67]. ESA can 
occur if the energy gap between three or more consecutive energy levels of a single ion 
are very similar and the intermediate levels are long-lived. A monochromatic light source 
excites the ion from the ground state G to the first metastable energy level E1. Due to 
the long lifetime of E1, a second photon can be absorbed to promote the electron present 
at E1 to a higher excited state E2. The radiative relaxation of electrons from E2 back to 
G results in the emission of a photon having higher energy than either of the photons 
absorbed. ESA is the least efficient upconversion mechanism and occurs at low dopant 
concentrations since the distance separating the ions is too large for any effective 
interaction. Typical efficiency for such upconcversion process is about 10-5 cm2/W [21].  
2.2.2  Energy Transfer Upconversion (ETU) 
Energy transfer upconversion (ETU), also called addition of photons by transfer of energy 
(APTE), was first reported by Auzel in 1966.[68, 69] In a typical ETU process, energy is 
transferred between two neighboring Ln3+ ions (sensitizer and activator). Each of two 
neighboring ions can absorb a pump phonon of the same energy and then populating 
their metastable levels E1 (Fig. 13b). Subsequently, the sensitizer ion in the excited state 
transfers its excitation energy to the activator promoting it to the upper excited state E2. 
This process is repeated several times, which leads to the population of the second (or 
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higher) excited state of the activator. Upon radiative deactivation of activator electrons, 
a higher energy photon is emitted. Upconversion efficiency of ETU process depends on 
dopant concentration due to the increased proximity of neighboring ions that facilitate 
the energy transfer process. The ETU efficiency is much higher than that of ESA, 
typically in the order of 10-3 cm2/W [21]. 
2.2.3 Photon Avalanche (PA) 
The phenomenon of photon avalanche (PA) was first observed by Chivian and co-
workers in Pr3+-based infrared quantum counters [70]. PA-induced UC requires pump 
intensity above a certain threshold value. The process is initiated by an excited state 
absorption of the activator to E2. Simultaneously an efficient cross-relaxation takes the 
neighboring sensitizer to its excited state E1, from where it is then able to transfer its 
energy to the activator. The exponential increased population of level E2 produces strong 
upconversion emission. However, the emission response is delayed due to the looping 
cycles that involves processes of ESA with a rise time up to a few seconds.  
2.2.4 Host Lattice Considerations 
Until now, it has been assumed that the deactivation of excited states to the ground state 
is exclusively radiative, i.e. by emission of photons. However, relaxation to lower states 
can also be non-radiative. The energy can be dissipated by means of phonons. The term 
"phonon" refers to the collective oscillation of a lattice, at the same frequency, generating 
a vibration motion. The vibration energy lost or gained in discrete packets is referred to 
as phonon energy [71]. An ideal upconversion matrix should be optically transparent, 
exhibit high thermal and chemical stability. The host crystal should also have low lattice 
phonon energies in order to minimize non-radiative relaxation and thereby enhance the 
upconversion luminescence efficiency. Halides (chlorides, bromides, and iodides) exhibit 
low phonon energies (<3.59 kJ/mol), however they suffer from low chemical stability [72]. 
Oxides are chemically stable but have relatively high phonon energy (>5.98 kJ/mol) [28, 
72, 73]. The most suitable host materials known to date are the fluorides, amongst which 
the most popular are the LaF3, NaGdF4 and NaYF4. Fluorides are reported to exhibit low 
phonon energy ~4.19 kJ/mol, high chemical and thermal stability [28, 73]. 
Besides the host material, the crystallite size and phase have a large impact on the UC 
efficiency. For the nanocrystals synthesized in this work, we have used NaYF4 as the 
fluoride-based host. Such nanocrystals are well-known to exist in two polymorphs: cubic 
(α-phase – a metastable high-temperature phase) and hexagonal (β-phase – a 
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thermodynamically stable low-temperature phase) (see figure 2.3.1-1) [74, 75]. It has 
already been reported that the efficiency of UC luminescence is approximately one order 
of magnitude higher for bulk β-NaYF4 in comparison to the α-NaYF4. This is directly 
ascribed to the low symmetry of β-NaYF4 matrices, which increases the strength of the 
crystal field [75, 76]. Finally, the shorter inter-cationic distances (363 pm) for the 
hexagonal lattice in comparison to the cubic phase (383 pm) also increase the probability 
for f-f transitions [74, 77-80]. A transformation from the cubic to the hexagonal phase can 
be achieved via careful manipulation of the reaction time or temperature used for the 
synthesis [81]. 
 
 
Figure 2.3.1-1: Unit cell representation for (a) cubic phase NaYF4 and (b) hexagonal phase NaYF4 (image reproduced 
from ref [80]). 
2.2.5  Sensitizer 
The role of the sensitizer is to absorb low energy excitation light (therefore, a large cross-
section is needed) and to ensure an efficient non-radiative energy transfer to the emitting 
ions (activators). Yb3+ is the most commonly used sensitizer due to its relatively large 
absorption cross-section at 980 nm (9.11 × 10-21 cm-2). Furthermore, Yb3+ ions possess 
a simple energy level diagram with only one excited energy state 2F5/2. The energy gap 
between 2F7/2 and 2F5/2 resonates with the energy gaps between several excited states of 
commonly used activator ions, resulting in very efficient energy transfer processes. Since 
Yb3+ only has one excited state, its concentration can be elevated (typically 20-30%) 
without causing concentration related quenching [21, 82, 83]. 
 
In contrast to the 980 nm excitation, the 800 nm excitation wavelength avoids undesired 
heating effects, and allows for an enhanced penetration depth through biological tissues. 
Nd3+ ions have multiple absorption bands at 730, 808, and 865 nm, corresponding to 
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transitions from 4I9/2 to 4F7/2, 4F5/2, and 4F3/2, respectively. Hence, Nd3+ doped UCNPs 
can be excited with 800 nm CW lasers. In such systems, 800 nm excitation is initially 
absorbed by Nd3+ ions followed by energy transfer to the co-doped Yb3+ ions, which 
further transfers the energy to the activator ions. However, an elevated amount of Nd3+ 
ions (typically more than >2%) can induce deleterious cross-relaxation between the Nd3+ 
ions and the activator ions. This cross-relaxation would consume most of the excitation 
energy and thus cause weak emission. To suppress this detrimental process, a 
core−shell structure is designed to spatially separate Nd3+ from activator ions [84]. 
2.2.6  Activator 
 Er3+, Ho3+, Tm3+ possess long-lived energy levels, with ladder-like arrangement, which 
makes them highly suitable as activators in UCNPs. However, the concentration of the 
activator ions must be kept low in order to avoid the concentration-related quenching 
effects;[84, 85] this level configuration can also lead to deleterious cross-relaxation 
processes when the ion-to-ion distance of dopants in the host lattice decreases.  
Er3+, Ho3+, Tm3+ and can be used to produce green, UV/blue, and red light, respectively 
[22, 73].  
Of thesis, the Er3+ ions show highest upconversion efficiency. In Yb3+/Er3+ or 
Yb3+/Er3+/Nd3+ doped UCNPs, the green color and red color are the most common 
emissions observed under NIR excitation. These emanate from the 2H11/2, 4S3/2 → 4I15/2 
and 4F9/2 → 4I15/2 transitions, respectively. The efficiency of the Er3+ upconversion 
emission stems from a multitude of factors. Firstly, its 4I11/2 energy level resonates with 
the 2F5/2 level of Yb3+ resulting in a very efficient energy transfer process. Secondly, the 
lifetime of the 4I11/2 → 4I15/2 transition is sufficiently long (~ 1 ms) to allow for the filling of 
the population reservoir where its electrons will participate in the upconversion process 
following the energy transfer process from Yb3+. Tm3+ is also interesting as it can emit 
UV (∼350 nm) and NIR (∼800 nm) light in addition to visible light, which can be used for 
photoreactions and NIR imaging, respectively. 
2.3 Bioimaging with UCNPs - Limitations and Potential Solutions  
2.3.1 Autofluorescence in tissues 
In biological tissues autofluorescence leads to the appearance of an undesirable 
background signal during in vivo fluorescence imaging experiments, reducing brightness 
and contrast of the obtained images. Generally speaking there are three biological optical 
transparency windows: (i) first 650–950 nm, (ii) second 1000–1450 nm; (iii) third 1500–
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1700 nm, where light is significantly less absorbed by most of the endogenous biological 
molecules, and scattering effects are greatly diminished with the increase of the 
wavelength. For example, Figure 2.4.1-1 shows the relative absorption of water, 
hemoglobin and oxyhemoglobin in the first biological optical transparency window 
(650–950 nm) 
When the excitation radiation is within any of these three spectral ranges, the 
fluorescence signals are then weakly attenuated, resulting in a larger optical penetration 
and, thus, allowing for deep tissue imaging [86]. 
Yb3+-sensitized UCNPs are limited in deep tissue imaging applications since the 
absorption peak of Yb3+ is centered at 980 nm, overlapping with the absorption band of 
water molecules. Moreover, long duration exposure to 980 nm irradiation can cause 
serious overheating issues in biological species, resulting in cell death and tissue 
damage. This drawback has significantly limited the biomedical applications of Yb3+-
doped UCNPs.  
 
 
Figure 2.4.1-1: Near-infrared biological window. The extinction coefficients of H2O, hemoglobin (Hb), and 
oxyhemoglobin (HbO2) displayed as a function of wavelength. Adapted from reference [32]. 
 
The overheating effects can be alleviated by using Nd3+ as sensitizers, which then allows 
the excitation of UCNPs at 800 nm (vide supra) [87-89].  
2.3.2 Upconversion Quantum Yield 
While lanthanide-doped UCNPs hold much promise, they do not come without 
limitations. Of primary concern is the low molar absorptivity of lanthanide ions (ε ≈ 0.1 to 
10 M−1 cm−1), which is one attribute leading to low upconversion quantum yield (UCQY):  
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𝑈𝐶𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 
 
As per the definition of UC, the emitted photons must be of higher energy than the 
absorbed photons. Therefore, UCQY is limited to a maximum value of 50% for a two-
photon process. It is important to highlight that the UCQY is dependent on the excitation 
power density due to the nonlinearity of the UC processes. Typically, the larger the 
particle size, the less surface-related non-radiative losses are present, and thus the more 
efficient is the UC [90]. For instance, the UCQY for bulk lanthanide-doped NaYF4 material 
approaches 10% [91] and the current best UCQY for UCNPs is around 5%, [92] whereas 
typical UC quantum yields for UCNP are closer to ~0.1% [93, 94]. As aforementioned, 
due to the parity forbidden nature of 4f–4f transitions, UCNPs have severely limited light 
absorbing ability due to their low extinction coefficient and narrow band absorption of 
lanthanide ions [95]. To resolve this issue, a number of strategies have been applied to 
enhance the upconversion emission, such as epitaxial growth of active/inactive shells, 
surface plasmon resonance as well as dye-mediated sensitization.  
 Core-Shell UCNPs 
Upconversion luminescence efficiency is known to be size-dependent; increasing the 
surface-to-volume ratio and decreasing the number of emitting ions leads to more strongly 
emerging surface-related quenching mechanisms. As the UCNP size decreases, most of the 
lanthanide dopants are exposed to surface defects as well as the vibrational deactivation 
ascribed to solvent molecules and ligands adsorbed on the UCNP core. The vibrational 
states of chemical bonds, such as O–H (∼3200−3700 cm−1), C–H (∼2800−2950 cm−1) 
or N–H (∼3300−3500 cm−1) present on the UCNPs, match the phonon states of the host 
material resulting in non-radiative relaxation of the excited lanthanide ions. The 
predominant approach to suppress surface quenching effects has been the epitaxial 
growth of an undoped inert shell NaREEF4 (with REE = Y, Gd, or Lu) around the 
lanthanide doped nanoparticle. The shell layer provides an effective passivation of lattice 
defects located on the surface and shields the dopants from the surrounding 
environment. This results in significant enhancement of the UCQY which is dependent 
on the shell thickness layer: Alivisatos and co-workers published a systematic study in 
2016 on how shell thickness of β-NaYF4(Yb/Er)@NaLuF4 core−shell UCNPs affects the 
upconversion luminescence quantum yield: the shell thickness around ∼24 nm core β – 
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NaYF4 (Yb/Er) UCNPs was systematically increased in 10 steps from ∼0.3 to ∼13 nm. 
The UCQY was improved from ∼0.07 of core only UCNPs to ∼4% for core−shell UCNPs 
with a shell thickness of ∼13 nm (excitation power density of 63 W/cm2 at 980 nm). 
Furthermore, this study also showed that UCQY did not increase significantly once the 
inert shell thickness is more than 4 nm [96]. This work shows that it is possible to carefully 
optimize the upconversion luminesce of highly monodisperse nanocrystals through the 
epitaxial growth of a shell with controlled thickness. 
The host material of the shell can also be doped with a high concentration of sensitizer 
ions (10−30%) resulting in an active shell. The introduced dopants (e.g., Nd3+) provide 
an intensive absorption for NIR light, followed by nonradiative transfer of the harvested 
energy to lanthanide ions in the core. In addition to the suppression of core surface-
related quenching, the active shell layer enhances upconversion through energy transfer 
from the sensitizer ions-contained in the active-shell to the dopant ions in the core. 
  Surface Plasmon Enhanced Upconversion Luminescence 
Surface plasmon resonance (SPR) arises due the collective oscillation of electrons on 
metal NPs when interacting with the incident light. This interaction leads to a number of 
interesting optical events such as the absorption and scattering of photons of certain 
wavelength and is responsible for the wide range of colors observed in noble metal 
nanoparticle colloids: Coupling of individual plasmonic nanostructures [97, 98] or 
coating with noble metals [99] can produce plasmonic-enhanced upconversion 
luminescence. SPR can have either beneficial or deleterious effect on the UC 
luminescence. The quenching effect could be caused due to non-radiative decay 
resulting in energy transfer from the UCNPs to the metal surface. During the 
competition of these processes, size, shape, and shell thickness of the plasmonic 
metal nanostructure is a critical factor in determining whether the upconversion 
luminescence is plasmonically enhanced or quenched. 
 
 Dye-Sensitized Upconversion Nanoparticles 
Compared to lanthanide ions, organic NIR dyes are strong absorbers with much higher 
molar absorption coefficients typically 103-106 M−1 cm−1. Hence organic dyes are capable 
of sensitizing UCNPs lanthanide ions embedded in the NaYF4 host matrix through non-
radiative energy transfer. The first example of dye-sensitized upconversion emission was 
reported by Hummelen et al. in 2012 [100]. In this seminal work the authors synthesized 
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a carboxylate functionalized cyanine dye and attached it to the surface of sub-20 nm β-
NaYF4: 20% Yb3+/ 2% Er3+ UCNPs via a ligand-exchange procedure. The IR‐806 dye 
was capable of absorbing NIR energy in the range from λ=650 to 850 nm and generating 
emission beyond λ=900 nm. The spectral overlap between the emission of the dye and 
the absorption of the Yb3+, albeit not optimal, allowed a Förster resonance energy 
transfer (FRET). Remarkably, the IR‐806 dye functionalized NaYF4: Yb/Er NPs 
presented a three orders of magnitude enhanced upconversion emission, in comparison 
with that of the NaYF4: Yb/Er NPs without dye coupling. Subsequent works have 
expanded from this original work since 2012. Recently, Prasad et al. have conjugated 
other dyes and incorporated other sensitizer ions to maximize the spectral overlap [101-
104]. 
2.3.3 Förster Resonance Energy Transfer (FRET) 
 Förster resonance energy transfer (FRET) is assumed to be the most relevant process 
for efficient upconversion in Ln-doped NPs and its role has been discussed extensively 
in literature [45, 101-105]. FRET, is essentially a dipole-dipole coupling interaction 
between the donor and acceptor states. Efficient energy transfer requires spectral 
overlap of the donor emission spectrum with the acceptor absorption spectrum, as well 
as close proximity between the donor and acceptor (typically 1-10 nm) [105-107]. 
According to Förster's theory, which was verified experimentally, the rate of energy 
transfer kT(r) is given by equation (1): 
𝒌𝑻(𝒓) =
𝟏
𝝉𝑫
(
𝑹𝟎
𝒓
)
𝟔
          equation (1) 
where τD is the lifetime of the donor in the absence of acceptor, r is the distance between 
the donor and acceptor, and R0: is the Förster distance, at which half the donor molecules 
decay by energy transfer. 
2.4  Synthesis of Nanophosphors 
The state of the art of luminescent nanoparticles for biomedical applications is generally 
limited by the short-wavelength excitation using ultraviolet (UV) or visible light. 
Lanthanide-doped UCNPs provide an effective solution by virtue of the possibility for 
near infrared (NIR) excitation. As mentioned earlier, the luminescence intensity is 
strongly influenced by the crystalline host material, the crystal structure, concentration of 
Ln3+ ions and temperature employed for the synthesis of such materials. Conventional 
route to the preparation of UCNPs involves the use of high-boiling organic solvents and 
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produces nanocrystals whose surface is stabilized by organic ligands and therefore 
hydrophobic in nature. The most widely used methods for the synthesis of UCNPs are 
hydro(solvo)thermal strategies, thermal decomposition, and co-precipitation procedures 
[75, 108-111]. 
2.4.1  Hydrothermal Synthesis  
The hydrothermal/solvothermal method is a typical bottom-up approach that has been 
used to synthesize both α-phase and β-phase UCNPs. For the synthesis of NaYF4-based 
UCNPs, lanthanide salts (e.g. lanthanide chlorides, nitrates, or oxides), fluoride 
precursors, solvents (e.g. water, ethanol, or acetic acid) and certain surfactants such as 
ethylenediamine tetra acetic acid, cetyltrimethylammonium bromide are mixed. The 
precursor materials are needed to be heated in a sealed autoclave above the critical 
point of the solvent in order to increase the solubility and reactivity of the reactants [112-
114]. This makes it extremely complex to observe and control the nanocrystal growth 
during the synthesis. Moreover, the synthetic preparation is very time-consuming, 
requiring long reaction times for completion (up to several days). Therefore, it is difficult 
to synthesize high quality UCNPs in terms of phase crystallinity and purity, size 
distribution, and particle shape using this approach [112].  
2.4.2  Thermal Decomposition  
An alternative synthetic strategy is the thermal decomposition of Ln3+- trifluoroacetates 
in high boiling solvents such as octadecene and with surfactants such as oleic acid (OA), 
oleylamine or trioctylphosphine oxide (TOPO) at ~ 310-320 °C. During the synthesis, 
nucleation of lanthanide fluorides takes place, followed by the growth of nuclei into 
nanocrystals. This method allows for the production of high quality UCNPs with narrow 
size distributions, and with good size control in a relatively short time. However, the 
drawbacks of this procedure include the toxicity and air-sensitivity of the metal 
precursors. Furthermore, this method produces hydrophobic UCNPs and further surface 
modification is always required in order to obtain water dispersible NPs for biological 
applications [75, 115-117]. 
2.4.3  Co-precipitation Method 
The most convenient and straightforward method for elaborating UCNPs is co-
precipitation, which has been used by several groups for preparing nanoparticles (5–30 
nm) with a narrow size distribution. The synthesis is performed in non-coordinating high 
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boiling solvents such as ODE with, typically, OA as the surface ligand. Lanthanides are 
added as chlorides, and a heating to 120-160 °C generates Ln3+ oleates. NaOH and 
NH4F are added as source of Na+ and F- ions, respectively, before a second heating step 
to 300–325 °C. After cooling, the oleate-coated UCNPs are isolated via centrifugation. 
This method offers easy crystal phase and size control and is cost-effective because the 
used Ln3+ precursors are less expensive than the corresponding trifluoroacetates. Due 
to the high reaction temperature and the sensitivity of NPs towards oxygen impurities, 
control over reaction parameters must be precise in order to produce UCNPs with narrow 
size distributions. Factors such as pressure, rate of heating and cooling, and reaction 
time also play an important role in the crystalline size and morphology [46, 80, 110]. As 
for the thermal decomposition method, further surface modification of UCNPs produced 
using this method is needed in order to render them hydrophilic. 
2.5  Surface Modification Strategies  
The biological application of UCNPs requires them to exhibit water dispersibility, 
biocompatibility and the possibility of subsequent surface (bio)conjugation. There are 
several post-synthetic strategies to modify the surface functionality of hydrophobic 
nanoparticles and transfer them to the hydrophilic phase. The four most commonly 
applied procedures involve: (i) silica coating; (ii) ligand oxidization; (iii) amphiphilic 
coating; (iv) ligand exchange (figure 2.6-1). 
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Figure 2.6-1: Overview of surface modification methods for transferring hydrophobic UCNPs into aqueous 
media 
2.5.1  Ligand Oxidization  
By using oxidizing agents such as the Lemieux-Von Rudloff reagent the carbon-carbon 
double bond present in the oleic acid surface ligands can be oxidized to yield hydrophilic 
carboxyl groups (figure 2.6-1) [118]. The carboxyl groups formed on oxidation can be 
used for further conjugation with biomolecules, if required. Other reagents such as ozone 
[119] and chloroperoxybenzoic acid [120] can also be used to oxidize the capping ligands 
in order to introduce functional groups (e.g., COOH) that facilitate water dispersibility. 
This surface modification is infrequently used because the modified particles show poor 
colloidal stability in water. The ligand oxidation prodcedure is time consuming, gives low 
yields, and it is therefore the least applied post synthetic method. 
2.5.2  Amphiphilic Coating  
This technique involves over-coating the hydrophobic UCNPs with amphiphilic 
molecules/polymers or phospholipids, to form a dual layer at its surface (see figure 2.6-
1). The hydrophobic backbone of amphiphilic moiety intercalates between the alkyl chain 
of the surface-attached oleate ligands. The resulting assembly is stabilized by Van der 
Waals interactions between the hydrophobic oleate moiety and the hydrophobic end of 
the amphiphilic reagent [49, 121]. The outward pointing hydrophilic groups of the 
amphiphilic molecule coated on the UCNPs results in aqueous dispersions and further 
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conjugation. The amphiphilic coating strategy gives particles of good stability in water 
however it increases the thickness of the outer layer. However this method is quite 
versatile in terms of further modifications, for example, by further cross-linking.  
Due to the dynamic nature of the ligands the long-term colloidal stability of amphiphilic 
coated UCNPs in water, buffers and biological medium is severely comprised.  
In this work, photocrosslinking of diacetylenes (DAs) is presented as an effective way to 
create robust UCNPs with a crosslinked corona-resistant shell.  
 
The first polydiacetylenes (PDAs) were prepared in 1969 by Gerhard Wegner. He 
irradiated 2,4-hexadiin-1,6-diol with UV-light, inducing polymerization of the diacetylene 
unit [122]. Photopolymerized polydiacetylenes (PDAs) are a special class of conjugated 
polymers produced from the topochemical 1,4-addition of perfectly aligned DA units (with 
a distance of 3.9 Å between the adjacent monomers) under UV or γ-irradiation [123]. 
 
 
 Scheme 2.6.2-1: Photopolymerization of diacetylenes (DAs). 
The interest for polydiacetylenes (PDAs) is based on their color transition, between blue 
and red, when exposed to mechanical stress, change in temperature, pH or other 
external stimuli. PDA materials also exhibit interesting fluorescence properties: the 
termed “blue phase” of the polymerized PDA is non-fluorescent while the “red-phase” 
exhibits high fluorescence with minimal bleaching [124, 125]. Adsorption of molecules/or 
ions trigger this color change, due to the interaction between these species and the 
conjugated polymer. Thanks to these properties polymerized polydiacetylene have been 
used in colorimetric biological assay, drug delivery and chemosensing applications [126-
132]. Considerable research effort has been devoted to elucidate the exact underlying 
mechanisms of the color transition in PDA materials caused by external stimuli. This has 
proven to be a difficult challenge and the mechanisms are still not fully understood [124, 
129].  
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Crosslinking of diacetylenes has been used by several research groups to create self-
assembled layers on planar surfaces, [133] to form vesicles, [134-136] micelles, [137-
139] and Langmuir-Blodgett films [140, 141]. 
However, to date the use of PDAs to synthesize water-dispersible UCNPs remains 
unexplored.  
2.5.3 Silica Coating  
Silica coating is a popular technique for surface modification of all kinds of nanoparticles 
since silica ) SiO2 is optically transparent, [142-144] chemically stable, [145-147] and 
biocompatible (see figure 2.6-1) [49, 147]. Furthermore, differently from other surface 
coating methods, silica coating utilizes covalent bonds, thus increasing the stability of 
the coating. Silica coating can be used for both hydrophilic and hydrophobic UCNPs. 
UCNPs having hydrophobic ligands can be coated with silica using the well-established 
reverse microemulsion method. Surfactants such as Igepal CO-520 or Triton X-100 are 
widely used since they form stable reverse microemulsions for polymerization of the 
TEOS. During the synthesis, ammonia is added as a catalyst, and the shell thickness 
can be controlled by the reaction time [49, 148-150]. Water dispersible UCNPs can be 
directly coated with SiO2 through a seeded polymerization technique using tetraethyl 
orthosilicate (TEOS) precursor (Stöber method)  
 
2.5.4  Ligand Exchange  
Ligand exchange is another popular method for engineering hydrophilic UCNPs (figure 
2.6-1). Generally, the ligand exchange reaction has no obvious influence on the physico-
chemical properties of UCNPs, including morphology, brightness and phase. In a two-
step methodology, the original surface-attached ligand is first completely removed, 
followed by the introduction of a new hydrophilic ligand in the second step. Both the steps 
can be performed at room temperature, with the entire process requiring a very short 
time (approximately 5-10 minutes) for completion. First step of ligand removal can be 
achieved by either using hydrochloric acid to protonate the carboxylic acid groups of OA 
or by using nitrosonium tetrafluoroborate (NOBF4), which efficiently displaces OA and 
covers the UCNP surface with BF4- molecules [154] [155]. Two-step ligand exchange 
methods using HCl or NOBF4 are straightforward, affordable, and the new ligands are 
directly attached to the surface without substantially increasing the particle size. For 
these reasons this method was exploited in the frame of this work to modify the surface 
of UCNPs. 
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3  Results and Discussion 
3.1 Synthesis and Characterization of sub-10 nm Colloidal 
Nanoparticles1 
Despite progress being made with synthesis of lanthanide-doped UCNPs, shape, and 
size-controlled production of pure hexagonal NaYF4 nanocrystals still remains a 
challenge. In particular, reproducible synthetic approaches that can provide access to 
sub-10 nm nanocrystals with controlled composition, high crystal phase purity, and high 
upconversion (UC) luminescence are extremely desirable. Reported methods for 
synthesis of hcp β-NaYF4 particles with a diameter below 10 nm mostly rely on the use 
of additives like Gd3+ or Eu3+ ion in high concentrations, resulting in manipulated host 
lattices, which has detrimental effect on the luminescent properties of the final materials 
[156-160]. Other popular strategies to obtain sub-10 nm UCNPs involve the use of an 
additional high boiling solvent such as oleylamine (OM) [161] or trioctylphosphine oxide 
(TOPO) [162-165] in the reaction formulation, under harsh synthesis conditions (high 
temperature and long reaction time), which limits the choice of compatible solvent 
systems that can be used.  
As part of our quest to synthesize highly luminescent sub-10 nm UCNPs, suitable for 
imaging applications, we utilized Therminol 66 (T66) as reaction co-solvent for the 
synthesis of phase-pure β-NaYF4 particles. T66 is a commercial available high-boiling 
organic fluid that consists of a mixture of terphenyls, hydrogenated terphenyls and 
hydrogenated polyphenyls (Figure 3.1-1) [166-168].  
 
 
Figure 3.1-1: Molecular structures of main terphenyl isomers (60-87% w/w) present in Therminol 66. 
 
                                                             
1
 This Chapter contains excerpts and images from the publication: Hesse, J; Klier, D.T; Sgarzi, M; Nsubuga, 
A; Bauer, C; Grenzer, J; Hübner, R; Wislicenus, M; Joshi, T; Kumke, M.U and Stephan, H Rapid synthesis 
of sub-10 hexagonal NaYF4-based Upconverting nanoparticles using Therminol® 66, ChemistryOpen. 
2018 Feb; 7(2): 159-168 
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Most importantly, it is commonly used in industrial processes and has been previously 
used to prepare quantum dots of various sizes, in high reproducibility [169-172].  
Reaction temperature is an important synthesis parameter, which influences not only the 
nanoparticle size but also the shape, and crystal phase. It has been reported in literature 
that conversion of the cubic to the hexagonal phase can be achieved via heating at 
elevated reaction temperatures (≥ 300 °C) as the nanoparticles require high 
temperatures to overcome the energy barrier and convert to the thermodynamically more 
stable hexagonal phase [75]. Therefore, the UCNPs were produced at three different 
reaction temperatures (around 305, 310 and 320 °C) and characterized in terms of 
morphological, structural and photophysical properties. Reaction time is also a 
determinant parameter in the UCNP formation, hence an optimization study was carried 
out in order to determine the effect of each parameter on the size, crystal phase and 
morphology. Only one parameter was varied per synthesis to ensure that the results 
obtained could be directly correlated to the change that was brought forth. The synthesis 
of colloidal OA-stabilized NaYF4 upconversion nanoparticles doped with (Nd3+/Yb3+/Er3+) 
and (Yb3+/Er3+) ions was performed via one-pot co-precipitation method:  
Lanthanide chlorides were added to a mixture of high boiling non-coordinating solvent 
T66 and oleic acid as coordinating solvent (3:2 v/v). The suspension was heated to 120 
°C under vacuum to generate Ln3+ oleates. Nanocrystal growth was induced by the 
addition of ammonium fluoride (NH4F), and sodium oleate. Thereafter the reaction 
mixture was heated at high temperature and high crystallinity nanocrystals were obtained 
by Ostwald-ripening (Figure 3.1-2). During the Ostwald ripening process and over a 
period of time, smaller particles dissolve and this dissolved material is used to support 
the growth process of larger particles. 
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Figure 3.1-2: Synthesis of di-doped and tri-doped UCNPs. The diagram illustrates the reaction temperature profile as 
a function of time. Upon 980 or 800 nm laser excitation green UC emission could be detected in the crude reaction 
mixture (right inset). 
3.1.1  Morphology and Crystalline Structure2 
 In order to confirm the crystal phase, X-ray diffraction (XRD) studies were carried out 
and the results are presented in Figure 3.1.1-2. At 305 °C, the patterns are in accordance 
with a cubic phase (ICDD Card No. file 04-013-7404). Regardless of the reaction duration 
(5,10, or 20 minutes respectively), at 305° C only the cubic phase was obtained. 
 A phase transformation from cubic (α) to hexagonal (β) occurred at 320 °C, as the 
reflections could be exclusively attributed to the hexagonal phase (ICDD Card No 00-
016-0334).  
The TEM images show monodisperse particles with uniform spherical morphology 
(Figure 3.1.1-1 and Table 3.1.2-1). Larger particles were obtained with extended reaction 
times, and they remained monodisperse with a spherical shape.  
Dynamic light scattering (DLS) measurements in n‐hexane further corroborated the 
narrow size distributions of the particles [sample A: (9±3) nm, sample B: (23±6) nm: 
(Table 3.1.2-1).  
• At 310 °C, the hydrodynamic particle size is 6.4± 3.1 nm with a broad size 
distribution.  
• At 315 and 320 °C, the size distribution bbecomes narrower, with particle sizes 
of 7.4 ± 1.7 nm and 9.2 ± 1.3 nm, respectively.  
                                                             
2 TEM experiments performed by Dr. Rene Hübner; XRD and SAXS were performed by Dr. Jörg Grenzer 
at the institute of Ion Beam Physics and Material Center, Helmholtz-Zentrum Dresden-Rossendorf 
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According to the La Mer model, the separation of nucleation and growth processes leads 
to narrow size distributions and the wider size distribution observed at a lower reaction 
temperature (310 °C) may be due to nucleation and growth processes occurring 
concomitantly [173, 174].  
It should be emphasized that upon using T66 as a co-solvent, a reaction time as short 
as 10 min (at 318 °C) was sufficient to produce sub-10nm pure hexagonal (β-phase) 
UCNPs. In comparison, most of the reported thermal decomposition and co-precipitation 
methods employing different solvent combinations generally need longer reaction times 
or additional ions (e.g. Li+, Ca 2+, Mn2+,Gd3+) to induce the phase transformation and to 
produce small-sized hexagonal crystals [156, 158-164, 175-180]. 
 
Figure 3.1.1-1: Bright-field TEM micrographs. (a) NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%): core]. (b) Sample C 
NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+ (25%), core-shell]. 
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Figure 3.1.1-2: X-ray powder diffractograms of synthesized phase-pure UCNPs: sub-10nm cubic (crystallite 
size ≈ 3.5 nm) (A), and hexagonal (crystallite size ≈ 6 nm) (B), doped with Nd3+/Yb3+/Er3+ along with the non-
doped hcp (β) (D) and cubic (α)(E) reference bulk materials. The diffractogram for the over-10nm hexagonal 
UCNPs (crystallite size ≈ 13nm) is provided for comparison (C). 
3.1.2  Nanocrystal Size 
To confirm the size and size distribution of nanocrystals, small angle X-ray scattering 
(SAXS), and XRD experiments were conducted.  
The nanocrystal sizes (L) were calculated from the X-ray diffractograms using the 
Williamson-Hall equation: 
 
∆𝑞(𝑞) = 𝑘 ∙
2𝜋
𝐿
+ 𝜀′ ∙ 𝑞;         𝑞 = 4𝜋/𝜆 ∙ 𝑠𝑖𝑛𝜃                         equation (2) 
 
where L is the coherent size of the nanocrystallite, k is a shape factor depending on 
particle morphology (here 0.9 was used), λ is the X-ray wavelength, ’ is an equivalent 
to the microstrain in the crystallite itself or corresponds to lattice constant variations of 
an infinite number of crystallites, θ is the Bragg angle of the X-ray diffraction peak and 
Δq is the full width at half maximum of the diffraction peaks as a function of q. The 
reciprocal of the intercept Δq0 (L = 2kπ/Δq0) yielded the average crystallite size L. The 
values given in Table 3.1.2-1  are the average crystallite sizes based on all isolated 
peaks calculated for the sub-10 nm and over-10 nm UCNPs [181].  
The lattice constants of the 3.5 nm-sized fcc UCNPs were slightly increased in 
comparison to reference data from ICDD cards with a = 5.54 Å (ICDD (2016) card No. 
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04-013-7404: a = 5.47 Å).[182] A similar behavior was found for the hexagonal particles 
with a = 6.01 Å and c = 3.53 Å (ICDD (2016) card No. 00-16-0334: a = 5.96 Å, c = 3.53 
Å) [183, 184]. Although the calculation method based on eq. 1 has its limitations, for 
particles with an average size in the order of 10 nm and below the calculated uncertainty 
was estimated to be about 1 nm, which slightly increases with decreasing particle size.  
 
SAXS is a promising technique for measuring particle sizes below 10 nm, where other 
methods may reach their detection limits. In SAXS, scattering arises from the electron 
density difference between the nanoscale object and the surrounding medium. However, 
it is not possible to measure the contributions of individual atoms to the scattering signal, 
rather the changes in scattering contrast [185]. Therefore, the scattering contrast was 
formed by changes between the nanoparticles and the solvent. The nanoparticles were 
measured in n-hexane solution (Figure 3.1.2-1). Furthermore, we assumed that there 
was negligible spatial correlation between the individual particles in the liquid and that 
the resulting scattering signal was the averaged sum of the scattering signal of one single 
mean particle. A major advantage of this technique consists in the possibility to observe 
NP shapes and sizes in situ without drawbacks like preparation-induced effects. 
Program “X+” [186] was used to analyze the radially integrated scattering pattern, 
assuming the UCNPs similar to filled spheres of known density. The sphere radius was 
used as single fitting parameter. The values obtained from this readily available method 
matched very well with those from TEM, which further confirmed the knowledge about 
the NP shape.  
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Figure 3.1.2-1: Integrated SAXS signals of sub-10 nm sample A (a) and over-10 nm sample B (b); the model 
was simulated and fitted to the measurement assuming a compact nanoparticle in solution allowing a certain 
size variation (Table 3.1.2-1). 
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The sizes obtained by transmission electron microscopy, X-ray diffraction, and 
dynamic light scattering are presented in Table 3.1.2-1. The slight difference observed 
between the four techniques can be explained by the fact that DLS experiments take 
account of the hydrodynamic diameter of the particles in solution, whereas in electron 
microscopy, we obtain a size distribution with a mean diameter, but on a limited number 
of particles. Consequently, a comparison between dynamic light scattering, and TEM 
analysis or SAXS leads to a particle size that is larger than the corresponding crystallite 
size determined by XRD (Table 13.1.2-1).  
 
Table 3.1.2-1: Comparison of various size distribution metrologies used for representative samples of sub-
10 nm (sample A) and over-10 nm (sample B) hexagonal phase UCNPs. 
 
 
3.1.3  Chemical Composition 
To verify the amount of lanthanide ions in the synthesized nanoparticles, the elemental 
composition was determined by inductively coupled plasma mass spectrometry (ICP-
MS). This method is destructive and requires that the particles are degraded in 
concentrated acidic medium. The atoms are led through a plasma source where they 
become ionized. Subsequently, these ions are sorted on account of their mass. The 
calculation of the stoichiometric composition agrees well with the ratios applied in 
synthesis (see Table 3.1.3-1). The obtained results demonstrate that these UCNPs 
prepared on a large scale are clearly of excellent quality in terms of size distribution, 
shape uniformity, elemental composition, and crystal phase. 
  TEM  XRD   DLS  
(n-hexane) 
SAXS  
(n-hexane) 
Sample A 9 ± 1 nm   6 ± 1 nm 9 ± 3 nm 8.8 ± 0.5 nm 
Sample B 20 ± 2 nm  13 ± 1 nm 23 ± 6 nm  22 ± 2 nm 
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Table 3.1.3-1: The rare-earth ion content of β-NaYF4 (Yb3+/Nd3+/ Er3+) UCNPs was determined using ICP-
MS 
Element 
Elemental composition 
β-NaYF4:Yb3+/Nd3+/Er3+ 
Theoretical Compostion 
[mol%] 
β-NaYF4:Yb3+/Nd3+/Er3+ 
Experimental Composition 
[mol%] 
Yttrium 77 76.4 
Ytterbium 20 20.2 
Neodymium 1 1.3 
Erbium 2 2.1 
 
3.1.4  Synthesis and Characterization of Core-Shell sub-10nm UCNPs 
The luminescence intensity of Nd3+/Yb3+/Er3+-doped UCNPs upon 800 nm excitation is 
much lower compared with that of the Yb3+-based counterparts upon 980 nm laser 
irradiation. This is because the Nd3+ ion features similar energy levels as the activator 
ions Er3+, and consequently, the doping concentration of Nd3+ sensitizers in the core can 
only be rather low (up to 1 mol%), leading to poor absorption at 800 nm and thus weak 
upconversion luminescence. A high concentration of Nd3+ ion in the core can induce 
deleterious quenching processes between Nd3+ ions and the activator ions. Thus, a 
core−shell strategy involving doping a relatively high concentration of Nd3+ ions (∼20 mol 
%) within the shell layer for effective harvesting of NIR photons at around 800 nm 
prevents cross-relaxation processes. Moreover, the construction of a shell around the 
luminescent core might serve to enhance the upconversion quantum yield, by means of 
separation of Nd3+ ions from the activators in the core, which results also in reduction of 
surface-related quenching effects [84].  
The shell growth was performed directly onto the earlier synthesized di- and tri-doped 
core UCNPs. A solution of core UCNPs in 20 mL of T66/OA (3:2 v/v) was heated at 75 
°C for 30 min under an argon atmosphere. While maintaining an inert atmosphere, the 
reaction temperature was elevated to 305 °C. Subsequently, the shell precursor solution 
composed of NaYF4: Nd3+ 25% was added dropwise (feeding rate: 2 mL h−1) using a 
peristaltic syringe pump. Because of the slow injection, the monomer concentration 
never exceeds the nucleation threshold. Consequently, the decomposed shell precursor 
grows directly on the surface of nanocrystals. Figure 3.1.4-1 shows the TEM image of 
NaYF4: Er3+/ Nd3+/ Yb3+ before and after coating. It is observed that the spherical 
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morphology of nanocrystals is maintained after shell formation. Thus, growing a shell 
around the core particles resulted in a size increase by about 2 nm.  
 
 
Figure 3.1.4-1: Bright-field TEM micrograph images of (a) NaYF4: Nd3+/Yb3+/Er3+(1/20/2%) and (b) NaYF4: 
Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+/Yb3+ (25/10%), core-shell 
3.1.5  Upconversion Luminescence Properties3 
 Analysis of Di-Doped β-NaYF4 (Yb3+, Er3+) UCNPs  
The upconversion luminescence spectra of oleate coated β-phase UCNPcore NaYF4:Yb3+/ 
Er3+(20/2%) measured in cyclohexane displays three intense bands centered at 525 
(2H11/2 → 4I15/2 transition, G1), 545 (4S3/2 → 4I15/2 transition, G2), and 660 nm (4F9/2 → 4I15/2 
transition, R), upon excitation at λex = 976 nm, consistent with excitation energy transfer 
(ET) processes between Yb3+ (sensitizer) and Er3+ (activator) ions (Scheme 3.1.5.1-1) 
[166-168, 187, 188].  
                                                             
3 The photophysical experiments were performed in the group of apl. Prof. M. Kumke at the University of 
Potsdam, Institute of Chemistry 
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Scheme 3.1.5.1-1: Schematic representation of the energy levels involved in the UC mechanism of Yb3+ and 
Er3+ dopant ions system following an excitation at 976 nm. Furthermore, the UC mechanism of a Nd3+, Yb3+ 
and Er3+ dopant ion system following an excitation at 795 nm is presented. The solid lines pointing upwards 
represent energy absorption, the dashed lines represent energy transfer processes, the wavy lines represent 
non-radiative relaxation processes, the blue dotted lines represent cross-relaxation (CR) processes between 
the excited Er3+ ions and the solid lines pointing downwards represent visible and NIR emissions. The 
excitation energy from Yb3+ ions to Er3+ ions occurs via long-range energy migrations from the Yb3+ 
absorption site through the Yb-sub-lattice [189]. 
An increase of the upconversion (UC) emission intensity was observed with increasing 
size of the particles (Figure 3.1.5.1-1).  
 
 
Figure 3.1.5.1-1: Comparison of upconversion emission intensities of UCNPcore NaYF4:Yb3+/Er3+ (20/2%) 
UCNPs with different sizes, upon excitation at 976 nm. The Er3+ emission bands green (G1) and (G2) (left) 
as well as red (R) (right) are shown. all samples were measured in cyclohexane, with identical concentration. 
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Furthermore, the relative GG1+G2/R peak ratio of UCNPcore also decreased with increasing 
nanoparticle diameter. These effects can be attributed to the decreasing surface area to 
volume ratio (SA/V ratio) and the subsequent reduction of contributions from surface-
related luminescence quenching processes, resulting in a higher UC emission intensity. 
As a consequence, the excited state lifetime of Er3+ ions increased, causing the 
probability for cross-relaxation processes between two excited Er3+ ions to increase as 
well. This results in further populating the 4F9/2 energy level of Er3+ ions, thereby 
enhancing the luminescence intensity of the 4F9/2 → 4I15/2 transition (R). This effect is 
independent of the particle shape, since SA/V ratio (calculated by assuming UCNPs as 
spheres or as hexagonal prisms) showed similar trends (Figure 3.1.5.1-2) [190]. 
 
 
Figure 3.1.5.1-2: Peak ratio GG1+G2/R of the UC emission bands core UCNPs as a function of the SA/V ratio 
assuming that the particle shape is a hexagonal prism (left) and sphere (right). The experimental point circled 
in red are for core@inactive shell. 
Surface-related quenching mechanisms are associated with the fact that a majority of 
doped lanthanide ions are located on the nanoparticle surface due to the high 
surface/volume ratio: this favors the quenching of UC luminescence by surface defects 
as well as solvent molecules with high-energy vibrations. The epitaxial growth of an inert 
shell around the core represents a simple method to prevent these surface-related 
quenching effects [96, 191]. 
Hence, UC luminescence properties of UCNPcore β-NaYF4:Yb3+/Er3+ (20/2%) covered 
with an inert shell of pure NaYF4 (referred to as UCNPcore@NaYF4) were also studied. 
The vibrational coupling between the solvent (or ligand) and the lanthanide ions is more 
effective for the 2F5/2 level of Yb3+ ions or 4I11/2 and 4I13/2 level of Er3+ ions, which are crucial 
for the population mechanism of the state responsible for the upconversion emission 
(4F9/2, 2H11/2 or 4S3/2). On the contrary, the probability of vibrational coupling involving 4F9/2, 
2H11/2 or 4S3/2 levels of erbium is much lower, because of the higher number of phonons 
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needed.[192] Shielding the sensitizer ions in the core is thus necessary in order to reduce 
this vibrational coupling. The growth of an inert shell (NaYF4) around the core of UCNPs 
serves also to passivate trap states due to lattice defects on the surface.  
The core-shell UCNPs displayed higher UC emission compared to the UCNPcore β-
NaYF4:Yb3+/Er3+ (20/2%) materials (Figure 3.1.5.1-3). Passivation of the UCNP surface 
with a 1 nm-thick shell led to roughly two-fold increase in UC luminescence intensity (this 
increase is also corroborated by an increase in the luminescence decay times, vide 
infra), providing evidence for surface-related quenching effects. Moreover, the R 
transition increased its intensity as a result of the presence of the shell, thus causing the 
peak ratio GG1+G2/R of UCNPcore@NaYF4 to be much lower than that for UCNPcore of the 
same size (Figure 3.1.5.1-2, red circled points). 
 
 
Figure 3.1.5.1-3: Influence of the shell thickness on the UC emission intensity of core inert-shell (in 
cyclohexane) excited at 976 nm. Er3+ transition G1 and G2 (left) as well as R (right) are shown. The emission 
spectrum of core is presented for comparison (black solid trace). 
Subsequently, luminescence decay kinetics of the G1, G2 and R transition for both 
UCNPcore β-NaYF4:Yb3+/Er3+ (20/2%) and UCNPcore@NaYF4 particles were also studied. 
The UCNPs exhibited luminescence decay times on the microsecond range (Table 
2.1.5-1). The luminescence decay times were calculated using a bi-exponential decay 
function (equation 3).  
𝐼(𝑡) = 𝐴 + 𝐵1 × 𝑒𝑥𝑝 (
−𝑡
𝜏1
) +  𝐵2 × 𝑒𝑥𝑝 (
−𝑡
𝜏2
)           equation (3) 
 
From the coefficients B1 and B2 the weighted pre-exponential factors 𝛼1 and 𝛼2 were 
calculated according to the following equation: 
𝛼1(2) =
𝐵1(2)𝜏1(2)
𝐵1𝜏1+𝐵2𝜏2
                                                         equation (4) 
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The average decay time m was calculated by the following equation 5: 
𝜏𝑚 =
𝐵1𝜏1
2 + 𝐵2𝜏2
2
𝐵1𝜏1 + 𝐵2𝜏2
            equation (5) 
 
The complex decay kinetics can be attributed to the presence of two different populations 
of erbium ions: the former is located inside the NP (𝜏2 = 91 µ𝑠; 𝛼2 = 19% ), bulk phase) 
and the latter (𝜏1 = 46 µ𝑠; 𝛼1 = 81% ) lies on the surface of the UCNPs. The R band 
showed a longer average decay time of 𝜏𝑚 = 67 µ𝑠  compared to the pooled green 
emission band (GG1+G2) of 𝜏𝑚 = 55 µ𝑠 . Furthermore, rise kinetics of the upconversion 
luminescence were observed, which was five-fold longer for R with respect to GG1+G2. 
The difference in rise times results from the different population kinetics and rate 
constants of the involved energy levels. For UCNPcore@NaYF4, an increase of the 
upconversion luminescence decay time was registered, which indicates a lower 
contribution from non-radiative deactivation processes. For UCNPcore@NaYF4, no Er3+-
based surface species were expected to contribute to the overall luminescence. As a 
result, monoexponential upconversion decay kinetics were observed (Figure 3.1.5.1-4).  
 
 
Figure 3.1.5.1-4: Normalized UC luminescence decay kinetics of the Er3+ emission bands GG1+G2 and R of 
UCNPs core (left) and core@inert shell (right) excited at 976 nm. 
Furthermore, the presence of an inert shell had a distinct effect of increasing the rise 
kinetics (Table 3.1.5.1-1). This is due to the fact that the NaYF4 inert shell prevents the 
non-radiative deactivation of Yb3+ and Er3+ excited states caused by ligand and/or 
cyclohexane CH oscillators [193]. Under these conditions, the excitation energy is 
dissipated by means of long-distance migrations through the Yb-sub-lattice and finally 
transferred to Er3+, resulting in longer rise times compared to those observed for 
UCNPcore [194].  
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Table 3.1.5-1: UC decay kinetics of the pooled green emission GG1+GG2 and red emission R of UCNP core 
and UCNP@inert shell λ= 976 nm. 
  rise (µs) 𝜏𝑚  (µs) 
UCNPCORE 
NaYF4: (Yb, Er) 
(20%/2%) 
GG1+G2 1.7 54.9 
R 10.7 66.7 
UCNPCORE@shell 
NaYF4: (Yb/ Er) 
(20%/2%)@NaYF4 
 
GG1+G2 7.1 75.0 
R 20.5 90.4 
 
  Analysis of Tri-Doped β-NaYF4 (Nd3+, Yb3+, Er3+) UCNPs 
The upconversion properties of tri-doped UCNPscore, Nd, containing Nd3+ ion (1%) as 
primary sensitizer, Yb3+ as bridging ion (20%) (secondary sensitizer), and Er3+ as 
activator ion (2%) were also investigated. In this case Nd3+ ions initially absorb photons 
in NIR range at λex = 795 nm (4I9/2 → 4F5/2 transition) followed by a relaxation to the 4F3/2 
level. Subsequently, a resonance energy transfer (ET) sensitizes bridging Yb3+ ions (4F3/2 
(Nd3+) + 2F7/2 (Yb3+) → 4I9/2 (Nd3+) + 2F5/2 (Yb3+)). Electronically excited Yb3+ ions in turn 
transfer the energy to the 4I11/2 state of Er3+, followed by the upconversion processes 
described in Scheme 3.1.5.1-1. A direct excitation of Yb3+ ions at 976 nm is also possible 
for these systems, omitting the Nd3+ ions in the ET chain. 
As far as UCNPcore,Nd are concerned, an increase in Nd3+ doping from 1% to 5% favors 
energy back transfer between Er3+ and Nd3+ ions, resulting in a decrease of emission 
intensity at λex = 976 nm (Figure 3.1.5.2-1, left) [195]. Inversely, the excitation at 795 nm 
leads to an enhancement of the UC luminescence as Nd3+ doping is increased (Figure 
3.1.5.2-1, right). These results can be ascribed to the different role that Nd3+ ions have 
in the UC process: at λex = 976 nm Nd3+ ions act only as quenchers for the excited Er3+ 
ions, whereas by excitation at 795 nm they act as primary sensitizers, by absorbing light 
directly. Moreover, absorption cross section of Nd3+ is 10-fold higher at λex = 795 nm than 
that of Yb3+ at 976 nm, [196] which is also beneficial to the efficiency of UC process. 
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Figure 3.1.5.2-1: UC emission spectra of core nanoparticles NaYF4: Nd/Yb/Er (1/20/2%) black trace and 
NaYF4: Nd/Yb/Er (5/20/2%) red trace, upon 976 nm (left) and 795 nm (right) CW laser excitation. The 
samples were dispersed in cyclohexane with the same particle concentration. 
Upon excitation at 795 nm, UCNPcore,Nd emission intensity was only 6% of the one 
obtained upon 976 nm excitation (Figure 3.1.5.2-2, left). The reduced intensity upon 795 
nm excitation of UCNPcore,Nd (1% Nd3+) most likely arises from the additional energy 
transfer step involving Nd3+ and Yb3+ ions, which decreases the efficiency of the entire 
energy transfer chain. Epitaxial growth of an active NaYF4:Nd3+/Yb3+ (25/10%) shell on 
the UCNPcore,Nd (1% Nd3+) significantly enhances the upconversion emission intensity at 
both excitation wavelengths (Figure 3.1.5.2-2, right). upconversion emission intensity at 
λex = 795 nm was calculated to be 47% of its upconversion emission upon excitation at 
976 nm, proving the ability of the active shell to reduce Er3+-Nd3+ energy back transfer, 
as a consequence of the spatial separation between these two ions [195]. Furthermore, 
luminescence decay kinetics of the G1, G2 and R transitions of the UCNPcore,Nd (1% Nd3+) 
and UCNPcore,Nd@NaYF4:Nd3+/Yb3+ (25/10%) excited at 795 nm were determined (Table 
3.1.5.2-1). The core-shell UCNPcore, Nd (1% Nd3+) @NaYF4:Nd3+/Yb3+ (25/10%) exhibit 
longer decay times compared to the UCNPcore,Nd (1% Nd3+). 
 
 In addition, the rise times for all upconversion transitions are increased, which suggests 
an efficient long-range energy migration taking place between the sensitizer ions in the 
shell and the activator ions in the core, [194] as described for di-doped UCNPcore and 
UCNPcore@NaYF4 core@inactive shell nanoparticles. Collectively, these results 
underline the minor contribution of non-radiative deactivation processes in core-shell 
UCNPs. Moreover, Nd3+ ions present at high doping level in the shell act as harvesting 
unit, further improving the brightness of the UCNP resulting in an increased absorption 
per NP at λex = 795 nm. 
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Table 3.1.5.2-1: Upconversion decay kinetics of the pooled green emission GG1+G2 and red emission R of 
UCNPcore,Nd (1% Nd3+) and UCNPcore,Nd (1% Nd3+) @NaYF4:Nd3+/Yb3+ (25/10%) particles. 
 λex = 795 nm λex = 976 nm 
  rise (µs) 𝜏𝑚  (µs) rise (µs) 𝜏𝑚  (µs) 
UCNPCORE, Nd 
NaYF4: (Nd/Yb/Nd, 
Er) (20%/1%/2%) 
GG1+G2 4.3 50.7 1.7 54.9 
R 13.2 70.2 10.7 66.7 
UCNPCORE,Nd@shell: 
Nd3+, Yb3+ (25,10%) 
GG1+G2 20.5 73.8 7.1 75.0 
R 39.7 113.2 20.5 90.4 
 
 
Figure 3.1.5.2-2: Upconversion emission spectra of UCNPcore,Nd (left) and UCNPcore,Nd@NaYF4:Nd3+/Yb3+ 
(25/10%) (right) upon excitation at 976 nm. Both spectra were registered in cyclohexene and with same 
concentration. 
An insight into the nature of the upconversion mechanism was obtained by analyzing the 
variation in integrated intensities of the green (G1 and G2) and red (R) emission bands 
as a function of applied excitation power density (ϕ). Results showed that in UCNPcore,Nd 
G1 and G2 transitions are based on a two-photon process at λex = 976 nm (Figure 
3.1.5.1-3 (a) and (b)). The R transition, on the other hand, could be described by a two-
photon as well as a three-photon process. UCNPcore,Nd@NaYF4:Nd3+/Yb3+ (25/10%) 
particles behave similar to UCNPcore,Nd particles. There is no significant increase in 
number of emitted photons (n) and the addition of 25% neodymium and 10% ytterbium 
in the shell has no further influence on the upconversion population processes. 
Moreover, no variations on n for G1 and G2 transitions upon excitation at 795 nm (Figure 
3.1.5.1-3 (c) and (d)) in both core and core-shell UCNPs were registered. However, a 
decreased probability of three-photon processes was observed for R transitions in 
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UCNPcore,Nd @NaYF4:Nd3+/Yb3+ (25/10%), which can attribute to a significant change in 
the favored population mechanism for R transition due to changes in population density 
of the excited Er3+ levels. 
 
 
Figure 3.1.5.1-3: Power dependence (Log Intensity – Log φ plot) of the Er3+ transitions G1, G2 and R of 
UCNPcore,Nd (b) as well as UCNPcore,Nd@NaYF4:Nd3+,Yb3+ (25%, 10%) (a) Excited at λex = 976 nm, as well 
as at λex = 796 nm (c) and (d) 
At both excitation wavelengths, the intensity ratio G1/G2 was constant for the 
investigated range of excitation power density (between 13 and 85 mW/cm2) for core as 
well as core-shell nanoparticles: In contrast to this, the G/R ratio displayed a significant 
decrease at higher ϕ, upon excitation at 976 nm. This can be ascribed to the higher 
probability of cross-relaxation processes involving Er3+ ions, resulting in a higher 
population of 4F9/2 level responsible for the red emission. This effect was independent of 
the structure of the particles (core or core-shell UCNPs). 
 
Upon excitation at 795 nm, the power density dependency of the G/R ratio was no longer 
observed (Figure 3.1.5.1-4). This behavior could be related to a saturation effect in the 
ET chain, on account of the presence of Nd3+ ions: their higher absorption cross section 
(1.2 10-19 cm2 at 808 nm)[89] compared to that of Yb3+ ions (1.2 10-20 cm2 at 980 nm) 
lowers the saturation intensity (which is inversely proportional to the cross section) [197] 
of about one order of magnitude, resulting in a constant G/R ratio between 13 and 85 
mW/cm2. Despite the more efficient light absorption ability, G/R transition band ratio of 
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UCNPcore,Nd@NaYF4:Nd3+/Yb3+ (25/10%) was lower than that calculated for UCNPcore,Nd 
because of the higher rate of Er3+ cross-relaxation processes, which are favored by the 
presence of Nd3+ ions. It should be noted here that the variation in intensity ratio of the 
emissions bands is highly dependent on the used lanthanide ions as well as on the 
structure of host lattice. The G/R of Er3+-doped α-phase of NaYF4 for instance did not 
show any influence regarding the excitation power density. Nevertheless, the excitation 
power density has a huge impact on the ratio of emission bands and should always be 
taken into careful consideration when understanding the UC luminescence properties of 
UCNPs. 
 
 
Figure 3.1.5.1-4: Plot of the UC emission intensity ratio G1/G2 (left) and G/R (right) of UCNPcore,Nd and 
UCNPcore,Nd@NaYF4:Nd3+/Yb3+ (25/10%) as function of the excitation power density (φ) measured for λex = 
976 nm and 795 nm. 
3.1.6  Conclusion 
A facile method was demonstrated for the preparation of high‐quality sub‐10 nm β‐phase 
NaYF4 nanocrystals by introducing Therminol® 66 as a non-coordinating reaction solvent. 
The size and phase of UCNPs could be precisely tuned by varying the reaction times 
and temperature. Active and inactive sub‐10 nm β‐NaYF4:Nd3+/Yb3+/Er3+ core-shell 
UCNPs were also synthesized. The ability to extend the synthetic methodology to the 
design of core–shell UCNPs with a shell thickness of at least 1 nm highlights the 
versatility of the reported protocol. These UCNPs showed strong upconversion 
luminescence intensity upon 795 nm CW laser excitation. The advantage of having 
different options (e.g. having two sensitizer ions present in the UCNPs) to sensitize the 
UC luminescence was demonstrated.  
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3.2  Hydrophilic Upconverting Nanoparticles, and a Study on their 
Luminescence Properties4 
It is fairly challenging to prepare small hydrophilic UCNPs exhibiting high colloidal 
stability under complex biological conditions [22, 46, 50, 198]. Moreover, the 
toxicity, immunological response and pharmacokinetic behavior of UCNPs, and 
NMs, in general,[51] can be tremendously affected by their size, shape and 
surface properties, including charge and composition [2, 199-202]. Surface 
functionalization of NMs with surface coatings that can prevent biomolecular 
corona formation is an ambitious objective of current research [203]. In this regard, 
surface modification with hydrophilic, polymers, e.g. polyethylene glycol 
(PEGylation), represents the most widely employed procedure to inhibit the 
undesirable adsorption of biological macromolecules by using steric repulsion 
effects [204-206]. However, PEGylation substantially increases the hydrodynamic 
diameter (Dh) of NMs and is thus unsuitable for surface engineering of rapidly 
circulating and renal excretable entities [207]. Recently, we and others have 
explored the use of zwitterionic coatings to control the extent of production of 
biomolecular corona [208-211]. In this section, we investigate the surface 
modification of UCNPs with low-molecular weight zwitterionic coating materials to 
make them water-soluble, but with an objective to generate multifunctional 
nanocomposites showing reduced protein-UCNP interactions.  
 
Previous studies have shown that phosphates and bisphosphonates have strong 
binding affinity for the Ln3+ ions [212-217], the binding is through the formation of 
multidentate coordination. The P–C–P structure of bisphosphonates is not only 
highly stable but also resistant to chemical and enzymatic hydrolysis. 
Bisphosphonic acids have been demonstrated to be excellent therapeutic agents 
for the treatment of a number of diseases such as metastatic bone disease, 
Paget’s disease, and osteoporosis. Nitrogen-containing bisphosphonic acids 
(e.g., pamidronate, alendronate and zoledronate) have been reported to be 
effective antitumor agents [218-220]. Based on these properties, we now 
investigate the use of zwitterionic O-phospho-L-threonine (OPLT), alendronic acid, 
and PEG-phosphate as surface anchoring ligands to produce hydrophilic UCNPs, 
                                                             
4 This chapter contains excerpts and images from the published article: Nsubuga, A; Sgarzi, M; Zarschler,K; 
Kubeil, M; Hübner, R; Steudtner, R; Graham, B; Joshi, T and Stephan, S Facile preparation of 
multifunctionalisable “stealth” Upconverting nanoparticles for biomedical applications Dalton Trans., 
2018,47,8595-8604 
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with functional end groups which allows grafting of multiple modalities (Scheme 
3.2-1). Within sight to develop materials suitable for biological applications, we 
performed the photophysical characterization of the resulting water-dispersible 
UCNPs and examined their ability to resist serum protein adsorption. 
  
 
Scheme 3.2-1: Functionalizable and water dispersible UCNPs studied in this work.  
3.2.1  Synthesis and Characterization of Water-Dispersible UCNPs  
Sub-10 nm, β-NaYF4:Nd3+/Yb3+/Er3+  (1/20/2%)@NaYF4:Nd3+ (25%) core-shell 
UCNPs, excitable at both 793 and 976 nm, were prepared as described in chapter 
2. DLS analysis revealed an average size of ca. 9 nm for the UCNPs in n-hexane. 
The as-synthesized UCNPs, however, are coated with hydrophobic oleate ligands, 
and are only dispersible in non-polar solvents, such as hexane, cyclohexane, or 
chloroform. To generate water-dispersible UCNPs suitable for biological 
applications, oleate ligands on the surface were replaced with one of the three 
strong binding ligands, O-phospho-L-threonine (OPLT), PEG-phosphate and 
alendronate, via nitrosyl tetrafluoroborate NOBF4-mediated two-step ligand 
exchange process (Figure 3.2.1-1) [155].  
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Figure 3.2.1-1: Schematic representation of NOBF4-mediated two-step ligand exchange process for 
replacing the oleate ions on the surface of hydrophobic UCNPs with O-phospho-l-threonine (OPLT), PEG-
phosphate or alendronate ligands. 
First, the originally anchored oleate are removed from the nanocrystal surface 
upon the addition of NOBF4 and the particles are electrostatically stabilized by 
weakly coordinating BF4- -ions [221]. The BF4- anions, confer a hydrophilic 
character to the UCNPs by allowing their dispersion in polar organic solvents such 
as dimethylformamide (DMF) or DMSO, without any noticeable agglomeration for 
several weeks [155]. The second surface modification of BF4--coated UCNPs with 
OPLT, PEG-phosphate, or alendronate ligands was subsequently achieved by the 
slow addition of UCNPs (dispersed in DMF) to a basic solution of respective 
capping agents while stirring the dispersions vigorously (to facilitate the ligand 
exchange). The water-dispersible OPLT-, PEG-phosphate-, and alendronate-
coated UCNPs were purified by spin ultrafiltration. 
It was possible to monitor the surface modification process by following the 
changes in the Fourier Transform Infrared (FTIR) spectra of the UCNPs (Figure 
3.2.1-2). The FTIR spectrum of as-synthesized OA-coated UCNPs displayed 
strong symmetric and asymmetric C-H stretching vibrations at 2852 cm-1 and 2922 
cm-1, respectively, which are assigned to the alkyl chain of OA ligands. In addition, 
a peak at 3006 cm-1 corresponding to =C-H stretch, and bands at 1552 cm-1 and 
1463 cm-1, ascribable to the symmetric and asymmetric stretching vibration of the 
carboxylate (COO-) group bound to the UCNP surface, were also observed. FTIR 
spectra of BF4--coated UCNPs, on the other hand, shows disappearance of these 
bands, alongside the appearance of new peaks at 1067 cm-1 and 1667 cm-1, 
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assignable to BF4- anions and C=O stretching vibrations of the DMF solvent 
molecules, respectively [155]. From these spectral changes, it was reasonably 
concluded that after NOBF4 treatment, oleate ligands previously anchored to the 
UCNP surface were successfully replaced by BF4- anions.  
 
 
Figure 3.2.1-2: ATR-FTIR spectra of OA-, BF4--, OPLT-, PEG-phosphate and alendronate-coated 
NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+ (25%) core-shell UCNPs. 
As already reported by Dong et al., [155] the BF4- ions do not have a very strong 
affinity for the positively charged UCNP surface. In comparison, phosphates and 
phosphonates can bind strongly to the trivalent rare-earth ions. Taking advantage 
of this difference in the binding affinity, we subsequently coated the UCNPs with 
OPLT, PEG-phosphate or alendronate ligands, producing NPs with high aqueous 
dispersibility (vide infra).  
Once again, FTIR spectroscopy confirmed the presence of OPLT, PEG-
phosphate or alendronate ligands on the UCNP surface (Figure 3.2.1-2).  
• For OPLT-UCNPs, the FTIR spectrum showed the presence of bands 
within the region 1300–760 cm−1 corresponding to the stretching vibrations 
of phosphate functional groups. Furthermore, the vibrational bands at 1634 
cm−1 and 1521 cm−1, assigned to the carboxylic acid and the primary amine 
functionalities, respectively, were present.  
• Likewise, the PEG-phosphate coated UCNPs exhibit a strong band at 1103 
cm−1 related to the phosphate group on the UCNP surface, together with –
CH stretching vibrations between 3000–2850 cm-1.  
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• The FTIR spectrum of alendronate-coated UCNPs showed the P–O 
stretching region (1052–956 cm-1), indicating the presence of phosphonate 
groups on the UCNP surface. Moreover, a band at 1560 cm–1 was visible 
in the spectrum, which was associated with the –NH bending vibration and 
confirmed the presence of amine functionalities in the UCNPs.  
 
In the FTIR spectra of all the UCNPs, a broad vibration band centred at ca. 3300 
cm−1 was also observed due to the OH stretching and presence of water, while 
the characteristic bands for BF4- anions disappeared after the completion of the 
secondary ligand exchange process. 
3.2.2  Colloidal Stability 
Hydrodynamic size of UCNPs 
A comparison of the sizes of the three hydrophilic UCNPs with that of the OA-coated 
UCNPs revealed that the ligand exchange process did have a small effect on the size of 
the UCNPs in solution (Figure 3.2.2-1 and Table 3.2.2-1). DLS measurements indicated 
a minor increase in the size of UCNPs, with a mean hydrodynamic diameter (Dh) of ca.12 
nm for OPLT- and alendronate-coated particles, and a slightly larger Dh of 14.2 nm for 
PEG-phosphate-coated UCNPs, presumably due to the longer PEG chain length and its 
interaction with the solvating water molecules [211]. That the surface modification occurs 
without any loss of monodispersity is supported by the DLS analysis (Table 1). The 
UCNPs also displayed excellent dispersibility in PBS and in fetal bovine serum (FBS). 
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Figure 3.2.2-1: Hydrodynamic diameter (Dh) of (a) OA-coated, (b) alendronate-, (b) PEG-phosphate-, and 
(d) OPLT-coated NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs, measured by DLS 
(volume-weighted size distributions, measured in H2O at pH 7.4). 
Long-term colloidal stability of the hydrophilic UCNPs was probed by measuring 
the Dh of OPLT-, PEG-phosphate- and alendronate-coated UCNPs in water at pH 
7.4, over a period of up to 28 days after surface modification (Table 1). The 
hydrophilic UCNPs formed stable colloidal dispersions, and largely remained 
unaggregated for up to three weeks, when kept at this pH. The Dh of the 
hydrophilic UCNPs varied very little over this period, not increasing beyond ca. 
13–16 nm.  
 
Table 3.2.2-1: DLS particle size distributions (Dh) for OPLT-, alendronate-, and PEG-phosphate-coated 
NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4: Nd3+(25%) core-shell UCNPs, measured in water at pH 7.4. 
UCNP samples 
Particle size (Dh) in nm (PDI)[a] 
as synthesized +3 days +7 days +21 days +28 days 
OPLT-coated 
12.5 ± 2.3 (0.21) 12.6 ± 2.2 (0.25) 12.9 ± 2.2 (0.25) 13.4 ± 3.7 (0.24) 13.8 ± 3.7 
(0.48) 
Alendronate-coated 
12.2 ± 1.8 (0.19) 12.5 ± 2.1 (0.19) 12.7 ± 2.8 (0.18) 13.2 ± 1.2 (0.19) 13.6 ± 5.2 
(0.42) 
PEG-phosphate-
coated 
14.2 ± 5.6 (0.34) 14.4 ± 6.4 (0.39) 14.6 ± 6.9 (0.37) 16.1 ± 6.1 (0.36) 16.4 ± 6.1 
(0.49) 
OA-coated[b] 
9.3 ± 1.1 (0.10) 9.5 ± 1.1 (0.12) 9.8 ± 1.1 (0.13) 9.8 ± 1.8 (0.12) 9.9 ± 1.8 
(0.13) 
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Zeta-Potential Behavior 
As the overall surface charge of NPs is a key contributing factor to their solution 
stability, their susceptibility to aggregation and precipitation, as well as to their 
protein binding behavior in vivo, zeta potential (ζ) of the hydrophilic UCNPs was 
also measured over the pH range 3.5–11.5 (Table 3.2.2-2). At pH 7.4, the zeta 
potential for the UCNPs in water was in the range of -6.3 to -14.3 mV, which 
confirms their overall near-neutral surface at physiological pH [222]. The zeta 
potential for all the three UCNPs becomes less negative with decreasing pH due 
to the protonation of some of the anionic groups 
(carboxylate/phosphate/phosphonate) present in OPLT, PEG-phosphate and 
alendronate capping ligands. As expected, the OPLT-coated UCNPs display a 
zwitterionic behavior with the zeta potential reaching a value of 4.5 mV at pH 3.5. 
(ζ = 0 mV at pH 5.1).  Despite their low surface charge at pH 7.4, the UCNPs 
display colloidal stability (vide supra) due to the strong steric stabilization 
ascribable to non-DLVO repulsive forces [223].  
 
Table 3.2.2-2: Zeta potential (ζ) of OPLT-, alendronate-, and PEG-phosphate-coated NaYF4:Nd3+/Yb3+/Er3+ 
(1/20/2%)@NaYF4:Nd3+ (25%) core-shell UCNPs, measured in H2O over the pH range 3.5–11.5. 
 
 
 
 
 
 
 
TEM-Determination of mean particle size 
TEM was used to determine the average mean particle sizes of OA-, OPLT-, PEG-
phosphate and alendronate-coated UCNPs (figure 3.2.2-2).  
 
pH 
Zeta potential (ζ) in mV 
OPLT-coated Alendronate-coated PEG-phosphate-coated 
3.5 4.6 N.D. -11.3 
5.1 0 -5.2 -10.6 
7.4 -6.3 -14.3 -10.8 
8.4 -11.1 -19.3 -13.1 
11.5 -20.4 -26.0 -20.1 
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Figure 3.2.2-2: Bright-field TEM images of (a) OA, (b) alendronate-, (c) OPLT-, and (d) PEG-phosphate-
coated NaYF4: Nd3+/Yb 3+/Er3+ (1/20/2%) (25%) core-shell UCNPs. 
3.2.3  Upconversion Luminescence Properties5 
The upconversion ability of OPLT-, PEG-phosphate-, and alendronate-coated 
UCNPs is retained in water upon excitation at λ = 800 nm (figure 3.2.3-1 ). The 
upconversion emission spectra of all the three UCNPs are characterized by the 
emission bands of Er3+ ions: three intense bands are present, which are centered 
at λ = 528, 549 and 674 nm and correspond to 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, and 
4F9/2 → 4I15/2 transitions, respectively.  
 
 
                                                             
5 The UC emission spectra were conducted together with Dr Robin Steudtner at the Institute of Resource 
Ecology, Helmholtz-Zentrum Dresden-Rossendorf. 
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Figure 3.2.3-1: UC emission spectra of OA- (black solid trace), OPLT- (azure solid trace), PEG-phosphate- 
(violet solid trace), and alendronate-coated (green solid trace) NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4: 
Nd3+(25%) core-shell UCNPs. In each sample the concentration of UCNPs was 6 mg/mL-1. The UC emission 
spectra were registered under λ = 800 nm excitation with a fs pulsed laser. 
These results are consistent with energy transfer upconversion (ETU) [23] processes 
involving Nd3+ (primary sensitizer, Yb3+ (secondary sensitizer) and Er3+ ions (activator) 
as described in scheme 3.1.5-1. To note, the spectra were registered by using the same 
concentration of NPs (6 mg/mL) and the same instrumental settings (see Experimental 
Section). Taking OA-coated UCNPs as a reference, it can be noticed that the UC 
intensity dropped by 33% in the case of alendronate-coated UCNPs, while a decrease 
to 16% and 6.6% was observed for PEG-phosphate- and OPLT-coated UCNPs, 
respectively. Surprisingly, we did not observe any change in the relative ratios of the 
integrated intensity for the green and red emission bands (IG/IR), which remained 
constant for all the UCNPs (IG/IR ≈ 0.52), independent of the dispersing medium. Usually 
in the erbium-doped UCNPs, the OH groups promote multiphonon relaxation of the 4I11/2 
→ 4I13/2 and 2H11/2/4S3/2 → 4F9/2 transitions , which favor the population of the 4F9/2 level, 
causing a decrease of IG/IR ratio [224]. The unusual behavior presented by the hydrophilic 
UCNPs developed in this work, therefore, suggests that water molecules cannot reach 
the Er3+ excited states into the NP core. This hypothesis is also supported by invariance 
in the UC lifetimes for the 2H11/2/4S3/2 → 4F9/2 transitions in cyclohexane and in water (vide 
infra). The decrease of the emission intensity for the hydrophilic UCNPs (Figure 5) can 
be ascribed to the quenching of Nd3+ excited states by water molecules [225] and surface 
ligand oscillators [193].  
Results and Discussion 
55 
 
3.2.4  Lifetimes6 
Interestingly, upon laser excitation at λ = 793 nm, the UC lifetime decays for all 
the NPs studied in this work were non-exponential but hyperbolic (Figure 3.2.4-1). 
Such behavior is typical for persistent phosphors [226]. Upconverting persistent 
luminescence (UCPL) is usually observed in composite systems exploiting the 
excitation energy transfer between the upconverters (donors) and the persistent 
phosphors (acceptors) [44, 227-229].  
To the best of our knowledge, this is the first case of persistent luminescence in 
non-composite UCNPs, in the absence of persistent phosphors. One possible 
explanation involves the role of the Nd3+ ions, which act as hole traps [230]. The 
energy transfer upconversion processes that cause the excitation of the Er3+ ions 
also create holes, which can be captured by the Nd3+ traps. These holes 
subsequently undergo a series of detrapping-retrapping cycles before being 
thermally released from the traps. This allows the excited Er3+ ions to radiatively 
deactivate to the ground state, yielding the long-lasting luminescence. 
 
 
Figure 3.2.4-1: Normalized curves for UC emission luminescence decay for OA- (black up-pointing triangles), 
OPLT- (azure circles), PEG-phosphate- (violet down-pointing triangles), and alendronate-coated (green 
squares) NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4: Nd3+(25%) core@shell UCNPs. Spectra were measured 
in water (hydrophilic UCNPs) or cyclohexane (OA-coated UCNPs) and were registered at 525 nm (left) and 
λ= 545 nm (right), after λ=793 nm laser excitation. 
The decay trends correspond to a high retrapping rate regime, and were fitted 
according to the following equation 5 
 
                                                             
6 Time Resolved Fluorescence experiments were done by Dr Astrid Barkleit at the institute of Resource 
Ecology, Helmholtz-Zentrum Dresden-Rossendorf 
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𝐼 =
𝐼0
(1+𝛾𝑡)𝑛
                                                      (5) 
 
where 𝐼0 is the initial intensity, 𝛾 depends on the density of the traps, on the 
population of trapped electrons at t = 0 and on the detrapping rate, and n depends 
on the material [231]. In our case, for all the three UCNP samples, value of n 
obtained from the fits varied between 0.52 and 1.06 (Table 3.2.4-1); no significant 
difference in n values were registered between hydrophobic and hydrophilic 
UCNPs (0.52<n<0.59), except for OPLT-coated ones, which presented a higher 
value (n = 1.05) and consequently a faster luminescence decay. 
 
Table 3.2.4-1: value of n for OA, OPLT, PEG-phosphate, and alendronate-coated NaYF4:Nd3+/Yb3+/Er3+ 
(1/20/2%)@NaYF4: Nd (25%) core-shell UCNPs, upon laser excitation λ= 793nm. The UC decay curves of 
Er3+ ions were collected at λ = 525 (2H11/22 → 4I15/2) and 545 nm (2S3/2→ 4I15/2) 
UCNP samples 
Value of n 
525 nm 545 nm 
OPLT-coated 1.05 1.06 
Alendronate-coated 0.55 0.57 
PEG-phosphate-coated 0.55 0.56 
OA-coated 0.52 0.59 
3.2.5  Interaction of Water-Dispersible UCNPs with Serum Components 
We investigated serum protein-UCNP interactions for the OPLT-, PEG-
phosphate-, and alendronate-coated UCNPs using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). For this purpose, the UCNPs 
were incubated with different concentrations of human serum for 1 h at 37 °C. The 
protein-associated UCNPs were separated from the supernatant serum by 
centrifugation, followed by extensive washing with PBS in order to remove 
proteins with low affinity for the UCNP surface. Finally, serum components 
retained on the UCNP surface were detached and denatured by incubating for 5 
min at 95 °C in Laemmli sample buffer and subjected to 1D SDS-PAGE analysis, 
followed by visualization of protein bands by staining with a colloidal Coomassie 
G-250 dye.  
For the PEG-phosphate- and alendronate-coated UCNPs, exposure to human 
serum resulted in almost no adsorption of serum proteins on to the UCNP surface, 
even at high serum concentrations (up to 80%), as hardly any protein bands could 
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be visualized for both the UCNPs (Figure 3.2.5-1 a and b). This, however, is in 
clear contrast to the gel for serum-exposed OPLT-coated UCNPs (Figure 3.2.5-1 
c), where several distinct bands corresponding to UCNP surface-associated 
serum proteins were observed. This suggests significant biomolecular corona 
formation for OPLT-coated UCNPs. However, the composition of this corona did 
not appear to alter dramatically upon increasing the serum concentration, and only 
lead to an increase in the amount of the proteins adsorbed. 
 
 
Figure 3.2.5-1: SDS-PAGE analysis of the serum protein absorption on hydrophilic UCNPs. UCNP 
associated serum proteins were isolated after incubation of (a) alendronate-, (b) PEG-phosphate-, or (c) 
OPLT-coated NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs with 0-80% of human 
serum for 1h at 37 °C. 
The substantial biomolecular corona formed on the OPLT-coated UCNPs is rather 
unexpected because zwitterionic coatings have previously been found to suppress 
the nonspecific adsorption of biomolecules to the NM surfaces [210]. One possible 
explanation for this finding is that the dissociation of OPLT ligands from the NM 
surface occurs when the NMs are exposed to human serum [232]. In order to 
investigate the role of serum enzymes and complementary factors in this coating 
disintegration, we repeated the experiments, but using heat-inactivated human 
serum (Figure 3.2.5-2 a) and lowering the incubation temperature to 4 °C instead 
of 37 °C. It is evident from (Figure 3.2.5-2 b) that serum exposure at 4 °C reduced 
the non-specific adsorption of proteins onto the UCNPs surface up to a certain 
degree. Moreover, heat inactivation of serum prior to UCNP exposure also had a 
marginal effect on the biomolecular corona composition. 
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Figure 3.2.5-2: SDS-PAGE analysis of the biomolecular corona formation on OPLT-coated NaYF4: 
Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4: Nd3+(25%) core-shell UCNPs. Surface associated biomolecules were 
isolated after incubation with increasing concentrations of (a) heat-inactivated human serum for 1 h at 37 
°C, and (b) human serum without pre-treatment for 1 h at 4 °C (temperature maintained by keeping on ice) 
The composition of the biomolecular corona can be affected by various 
physicochemical parameters, such as NM size and shape as well as their surface 
chemistry, charge and coating [54, 233]. Furthermore, the degree of biomolecule 
coverage and the composition of the biomolecules adsorbed on the NM surface 
depend on the temperature at which the corona is formed [234, 235]. For example, 
Mahmoudi et al. showed that even subtle changes in temperature can 
considerably influence the composition of the formed biomolecular corona as well 
as the affinity of different biomolecules for the NM surface [234]. The differences 
between the corona composition for the OPLT-coated UCNPs incubated with 
human serum at 4 °C and 37 °C, respectively, are in accordance with the above-
mentioned findings. 
3.2.6  Dye Functionalization of Alendronate-Coated Corona-Resistant 
UCNPs  
Next, we also investigated the possibility of tethering different functionalities to the 
protein corona-resistant alendronate-coated UCNPs (vide supra). Direct coupling 
of alendronate-coated UCNPs with fluorescein isothiocyanate (FITC) was 
attempted with a view to test the accessibility of terminal amine group on the 
alendronate ions for subsequent conjugation reactions (Figure 3.2.6-1). 
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Figure 3.2.6-1: Conjugation of fluorescein isothiocyanate (FITC) to alendronate-coated NaYF4:Nd3+/ 
Yb3+/Er3+(1/20/2%) @NaYF4:Nd3+(25%) core-shell UCNPs. 
After room temperature reaction of alendronate-coated UCNPs (2 mg) in 
carbonate buffer with 5, 10 or 20 nmol FITC, respectively, the samples were 
purified by spin ultrafiltration using 10 kDa MW cut-off centrifuge tube filters. First 
indication on the successful coupling of FITC to the alendronate-coated UCNPs 
was obtained from the comparison of thin layer chromatography (TLC) analysis of 
the UCNP samples taken before (Figure 3.2.6-2) and after purification (Figure 
3.2.6-2). TLC was performed using glass microfiber chromatography paper 
impregnated with a silica gel (iTLC-SG) as stationary phase and a 1:2 (v/v) mixture 
of NH4OAc (2 M)/MeOH as mobile phase. On this TLC system, hydrophilic UCNPs 
(Rf = 0) are well-separated from the unbound FITC (Rf = 1). Detection of strong 
fluorescein emission from the UCNP sample taken after purification suggested 
that the dye was linked to the alendronate-coated UCNPs. This was further 
corroborated by the presence of characteristic absorption band, centered around 
λ ≈ 475 nm, and the emission maxima at λ = 525 nm for the linked fluorescein unit, 
in UV-Vis absorption and photoluminescence spectra, respectively (figure 3.2.6-
3). As expected, the coupling efficiency depends on the FITC concentration used 
for the reaction, with a higher dye concentration resulting in higher loading of the 
dye onto the UCNP surface (figure 3.2.6-2). 
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Figure 3.2.6-2: TLC analysis of alendronate-coated UCNPs after coupling reaction with fluorescein isothiocyanate 
(FITC). In a room temperature reaction, (I) 5, (II) 10 or (III) 20 nmol of FITC was coupled with 2 mg of UCNPs, and the 
samples were analyzed by TLC before (a) and after (b) purification. For comparison, 20 nmol of FITC (CTRL) were also 
analyzed. Fluorescence signals from the fluorescein unit were detected by using Amersham Typhoon 5 Scanner. 
 
 
Figure 3.2.6-3: Electronic absorption (left) and emission spectra (right) of alendronate-coated UCNPs after 
coupling reaction with FITC. The red trace shows the spectrum for FITC-conjugated UCNPs, whereas the 
spectrum for the free FITC is presented in black. 
3.2.7  Conclusions 
Water dispersible β-NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+ (25%)  UCNPs, 
capped with OPLT, PEG-phosphate, and alendronate ligands, have been synthesized 
by a facile two-step ligand exchange method. DLS analysis showed that, upon surface 
modification, the UCNPs do not undergo a significant change in their hydrodynamic size 
(Dh = 12.5–16 nm) in aqueous solution. All the three surface coatings generate UCNPs 
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with high long-term colloidal stability and a close to neutral surface charge at 
physiological pH. The PEG-phosphate- and alendronate-coated UCNPs also show great 
resistance to protein corona formation, even when exposed to high serum 
concentrations. More importantly, the UCNPs retain their photophysical properties and 
show efficient UC luminescence under irradiation at 793 nm. Moreover, the presence of 
reactive amine groups on the surface of alendronate coated UCNPs could possibly allow 
for easy conjugation of chelators, dyes, antibodies and other biomolecules to the UCNP 
surface.  
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3.3  Utilizing Photocrosslinking of Polydiacetylenes (PDAs) for the 
Preparation of “Stealth” Upconverting Nanoparticles7  
The quest to render UCNPs effective bioimaging probes has led to several fabrication 
and surface functionalization strategies being reported for delivering water-dispersible 
and colloidally stable UCNPs. For clinical applications, however, it is equally important 
that the UCNPs show minimal interaction with the bio-(macro)molecules (e.g., proteins, 
lipids) present in complex biological fluids.  
Research has shown that UC luminescence from UCNPs is highly sensitive to alterations 
in both their size, solvent, and surface capping ligands. As previously discussed surface-
related quenching mechanisms are associated to the fact that a majority of doped 
lanthanide ions are located on the nanocrystal surface due to the high surface to volume 
ratio. The high-energy vibrational modes of for example, C–H, and O–H of solvent 
molecules or ligands can result in an increased non-radiative relaxation of the excited 
states and thus an overall quenching of the luminescence [50, 154, 189, 212, 236]. This 
is a critical point, since any surface modification on UCNPs should not result in any 
significant adverse effect on their luminescence properties.  
3.3.1 Lipid Encapsulation and Physicochemical Properties 
To render core-shell NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell 
UCNPs water-dispersible, oleate ligands bound to the surface of the UCNPs were first 
substituted with 10,12-pentacosadiynoic acid (PCDA), via a ligand-exchange reaction 
with nitrosyl tetrafluoroborate (NOBF4) in N, N′-dimethylformamide (DMF), as described 
in section 2.6.4 or/and 3.2.1  
Next, the resulting PCDA-capped UCNPs were over-coated with photopolymerizable 
diyne phospholipids, 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine 
(PE) and 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (PC) in different 
ratios (PE: PC 1:0, 1:1, 2:1, 3:2). The diacetylenic UCNP assembly was subsequently 
photocrosslinked by UV irradiation (254 nm). The complete procedure for the preparation 
of crosslinked PDA-coated hydrophilic UCNPs is summarized in Figure 3.3.1-1.  
 
                                                             
7 This chapter has been published: A. Nsubuga, K. Zarschler, M. Sgarzi, B. Graham, H. Stephan and T. 
Joshi, Towards Utilising Photocrosslinking of Polydiacetylenes for the Preparation of “Stealth” 
Upconverting Nanoparticles, Angew. Chem. Int. Ed. 2018, 57, 16036-16040 
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Figure 3.3.1-1: Schematic representation of the synthesis of crosslinked polydiacetylene (PDA) coating 
UCNPs. 
Specifically, we monitored the crosslinking progress by measuring the UV-vis absorption 
spectra of the UCNP dispersions in water as a function of time (Figure 3.3.1-2) and figure 
3.3.1-3. Representative experiments with PE: PC 1:1 are shown. After 5 min exposure 
to 254 nm radiation the solution appeared blue with an absorption band at 650 nm. The 
blue color is due to the electron delocalization within the linear π-conjugated system 
corresponding to the π-π* transitions. After irradiating the solution for 50 minutes, the 
absorption band at 650 nm experiences a bathochromic shift (~25 nm). Concomitantly, 
a structured band centered at ca. 550 nm grows in and undergoes a further blue-shift up 
to ca. 500 nm after a 90-minute-irradiation, in conjunction with a hypochromic shift of the 
band at 675 nm. 
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Figure 3.3.1-2: Observed blue-to-red color change of the dispersion of UCNPs in water with increasing 
irradiation time. 
 
Figure 3.3.1-3: (a) UV-vis absorption spectra of PC/PE (1:1)-coated UCNPs, following 254 nm irradiation. 
(b) Emission spectra recorded of crosslinked PE/PC (1:1)-coated UCNPs obtained under 254 nm irradiation 
for 90 min. (c) FTIR spectra of crosslinked PC/PE (1:1)-coated UCNPs. (d) UC emission spectra of OA-, 
PCDA-, and crosslinked PC/PE (1:1)-coated UCNPs. For the OA- and PCDA coated UCNPs, spectra were 
recorded in chloroform ([UCNPs] = 5 and 12 mg/mL, respectively), whereas measurements on the 
hydrophilic UCNPs (12 mg/mL) were performed in water. All spectra were registered under λ = 800 nm 
excitation. 
The UCNP dispersion changed color gradually from blue to a transitional purple color, 
and finally to a red color. The color of PDA depends on the supramolecular arrangement 
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and in particular on its π-conjugation length and planarity [124, 125, 129]. According to 
literature, the final red color can be attributed to the complete conformational change of 
the polydiacetylene backbone, while the purple color indicates an intermediate 
conformational change. It can be expected here that photopolymerization results in a 
geometric stress on the PCDA/diyne lipid ligand assembly covering the UCNP surface, 
which requires the capping PDAs to undergo reorganization in order to overcome it. It 
should be noted, however, that the chromatic changes in PDA-based systems can also 
be generated by several other factors, and the exact basis for the observed chromatic 
transformation in our case remains to be determined. As is typical of red-colored PDAs, 
the finally obtained PDA-coated UCNPs exhibited characteristic emission between 550–
750 nm, with a maximum at around 625 nm, upon excitation at 450 nm (Figures 3.3.1-
4). 
 
 
Figure 3.3.1-4: Emission spectra (a) recorded upon excitation of aqueous dispersions of crosslinked PE/PC-
coated UCNPs at 450 nm. Absorption spectra for (b) blue, (c) purple and (d) red/pink colored dispersion of 
PDA-crosslinked UCNPs formed under 254 nm irradiation in water for 10, 45 and 90 min, respectively. 
Fourier Transform Infrared (FTIR) spectroscopy confirmed the assembly of diyne ligands 
on the UCNP surface (Figure 3.3.1-3 (c)). In particular, the UCNPs show overlapping 
C=C and C=O stretching vibrations at 1733 and 1694 cm-1 values for the alkene and 
ester groups on the crosslinked PDAs, respectively. Strong sp3 C-H stretches appear at 
2849 and 2919 cm-1. In the FTIR spectrum, the characteristic band for surface bound 
carboxylate (RCOO-) was observed around 1465 cm-1. Furthermore, phosphate-related 
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vibrations, originating from the diacetylene phospholipids, were located in the 1180–
1000 cm-1 region.  
Dynamic light scattering (DLS) studies showed that the UCNPs prepared using PE 
phospholipid (PE:PC ratio 1:0) have a mean hydrodynamic diameter (Dh) of ca 14 nm in 
water (Table 3.3.1-1). This is an increase of about 3 nm, compared with the size of OA-
coated hydrophobic UCNPs in cyclohexane. Moreover, these UCNPs showed a negative 
zeta potential (ζ) of -37.6 mV at physiological pH (Table 3.3.1.1-1).  
 
Table 3.3.1.-1: DLS particle size distribution (Dh) Zeta potential (ζ) of crosslinked diyne-coated 
NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4: Nd3+(25%) core-shell UCNPs prepared in this work. 
PE:PCb 
Particle size (Dh) in nma  Zeta potential (ζ) in mV 
as 
synthesized 
+3 
days 
+7 
days 
+14 
days 
+21 
days 
pH 
4.3 
pH 
5.3 
pH 
6.3 
pH 
7.3 
pH 
8.3 
pH 
9.3 
1:0 14.1 ± 2.1 
(0.23) 
14.2 ± 
1.9 
(0.21) 
14.2 ± 
2.2 
(0.33) 
15.1 ± 
2.6 
(0.40) 
16.4 ± 
2.2 
(0.46) 
-25.1 
± 2.3 
-28.4 
± 2.2 
-35.3 
± 2.2 
-37.6 
± 3.7 
-38.1 
± 3.7 
-40.1 
± 3.7 
2:1 14.3 ± 1.7 
(0.22) 
14.1 ± 
2.1 
(0.24) 
14.3 ± 
1.9 
(0.32) 
15.5 ± 
2.7 
(0.42) 
15.9 ± 
2.5 
(0.41) 
12.2 
± 1.1 
-3.4 ± 
1.1 
-10.4 
± 1.1 
-5.1 ± 
1.8 
-12.1 
± 2.5 
-25.6 
± 5.2 
3:2 14.2 ± 2.5 
(0.24) 
14.2 ± 
2.3 
(0.23) 
14.2 ± 
2.6 
(0.31) 
15.3 ± 
2.2 
(0.43) 
15.8 ± 
2.4 
(0.44) 
11.1 
± 1.6 
6.2 ± 
2.4 
2.8 ± 
1.9 
1.6 ± 
1.1 
-9.1 ± 
1.8 
-12.1 
± 1.8 
1:1 13.9 ± 1.8 
(0.23) 
13.9 ± 
2.1 
(0.23) 
14.1 ± 
2.3 
(0.30) 
15.3 ± 
2.4 
(0.40) 
16.1 ± 
1.6 
(0.45) 
25.3 
± 1.8 
14.1 
± 2.1 
5.2 ± 
2.8 
3.4 ± 
1.2 
-8.3 ± 
2.5 
-10.4 
± 2.1 
aThe measurements were carried out in water at pH 7.4. bPE = 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphoethanolamine and PC = 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine. 
 
Overall surface charge of the NPs is one of the key parameters that governs their 
interaction with proteins within a biological environment. As previously demonstrated in 
section 3.2 maintaining the surface charge near neutral is an efficient way to inhibit the 
formation of biomolecular corona on the NPs. We explored the idea of using mixed diyne 
phospholipids for overcoating the PCDA-capped UCNPs as a way to yield neutral 
UCNPs. For this, the synthesis was performed using 1:1, 2:1 and 3:2 mixture of PE and 
PC phospholipids, respectively. Zeta potential and DLS measurements revealed that the 
use of mixed diyne phospholipid composition not only results in a close to zero surface 
charge of the UCNPs at physiological pH (ζ = 3.4 ± 1.2, 1.6 ± 1.1 and -5.1 ± 1.8 mV for 
PE/PC = 1:1, 3:2 and 2:1, respectively) but also the crosslinked UCNPs have almost the 
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same size distribution as before (Table 3.3.1-1). In general, the zeta potential for all the 
four PDA-coated UCNPs increased with decreasing pH, measured over the pH range 
4.3–9.3.  
Notably, the UCNPs did not undergo any significant change in their size distribution for 
up to 21 days (Dh < 16.5 nm), which substantiates their colloidal stability. Interestingly, 
overcoating the PCDA-coated UCNPs with only PC diyne phospholipid resulted in 
immediate aggregation of the particles in water. Likewise, all attempts to synthesize 
crosslinked hydrophilic UCNPs without using PCDA were also unsuccessful. These 
findings indicate that the use of both PCDA as well as PE diyne phospholipid is a 
prerequisite for preparing hydrophilic UCNPs via crosslinking.  
Upon excitation at 800 nm with fs pulsed laser, the crosslinked hydrophilic UCNPs 
exhibited characteristic sharp UC emission bands at 528, 549, and 674 nm. 
Representative emission spectrum from the PE: PC (1: 1)-coated crosslinked UCNPs, in 
water, is displayed in Figure 3.3.1-3 d. The observed emission bands correspond to the 
2H11/2 → 4I15/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of Er3+ ions, respectively, and are 
in accordance with those observed for the OA- and PCDA-coated UCNPs (measured in 
chloroform). Introducing crosslinked diyne ligands on the surface of the UCNPs, 
however, resulted in a noticeable drop in the UC intensity; a decrease of ca. 11% is 
observed for the crosslinked UCNPs compared with the PCDA-coated ones. The 
intensity decrease of UC emission from the hydrophilic UCNPs is due to the high phonon 
energies of hydroxyl groups of water (3500-3600 cm-1), which favor the non-radiative 
transitions of the excited lanthanide ions.  
3.3.2 Interaction of crosslinked PDA-coated UCNPs with serum 
components 
To investigate whether the crosslinked polydiactylene-coated UCNPs can resist surface 
non-specific adsorption of biomolecules, such as serum proteins, they were incubated 
with different concentrations of human serum. The reaction mixtures were analyzed for 
biomolecular corona formation using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), following our earlier described procedure [237] (see 
experimental section for details). Images of the gels for the UCNP–associated serum 
proteins, isolated after the incubation of all the four crosslinked UCNPs with human 
serum for 1 h at 37 °C, are shown in Figure 3.3.2-1. As expected, owing to their overall 
neutral surface charge, the UCNPs with mixed diyne lipid (PE: PC) coating showed 
almost no adsorption of serum proteins, whereas substantial amount of protein corona 
was formed on the negatively charged PE-coated UCNPs (Ratio PE:PC 1:0). This 
behaviour is consistent with the previous results on biomolecular corona resistance by 
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alendronate- and PEG-coated near-neutral charged NPs [237]. Interestingly, our studies 
also show that the PE: PC-coated crosslinked UCNPs could inhibit serum protein 
adsorption effectively even at high serum concentrations Figure 3.3.2-2. These results 
point toward excellent stealth characteristics for the crosslinked UCNPs with PDA 
coating. 
 
 
Figure 3.3.2-1: SDS-PAGE analysis of the proteins adsorbed by different crosslinked PDA-coated UCNPs 
upon incubation in a) 50 %and b) 80 % of human serum for 1h at 37° C. 
 
 
Figure 3.3.2-2: Figure S6. SDS-PAGE analysis of the serum protein absorption on (a) PE/PC (2:1) and (b) 
PE/PC (1:1)-coated crosslinked UCNPs. UCNP–associated serum proteins were isolated after incubation of 
UCNPs with 0–80% of human serum for 1 h at 37 °C. 
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Additionally, the availability of the primary amino groups on the surface of UCNPs makes 
them ready for further functionalization with, for example, chelators, peptides, and 
antibodies. Furthermore, the availability of the peripheral primary amino groups on the 
UCNPs for later introduction of other functionalities via bioconjugation reactions was 
evaluated. The entire labeling method of lipid encapsulated 64Cu-NOTA-UCNPs is 
illustrated in Figure 3.3.3-1 
 
 
Figure 3.3.3.-1: Surface functionalization of crosslinked PDA-coated UCNPs with radiometal chelating NOTA 
motif and 64Cu radiolabeling. 
3.3.3 Radiolabeling crosslinked polydiacetylene-coated UCNPs with 64Cu 
Positron emission tomography (PET) plays an important role in preclinical and clinical 
research. Upon administration of sub-pico or -nanomolar concentration of radiotracer, 
PET imaging can provide a non-invasive, highly sensitive, and quantitative readout of its 
organ/tissue targeting efficiency and pharmacokinetics. PET imaging utilizes the unique 
decay characteristics of positron emitting radionuclides. The positron emitted from the 
atomic nucleus collides with a nearby negatively charged electron. During the 
annihilation, two 511 keV γ-rays in the direction about 180° apart are produced and 
detected by scintillation detectors arranged in a circular array. The images of γ-rays 
obtained by the PET scanner can accurately reﬂect the distribution and concentration of 
radioactively labelled biomolecules [238-240]. 
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To construct a dual-modality PET/OI contrast agent, the positron-emitting radionuclide 
64Cu (t1/2=12.7 hours) was used to radiolabel UCNPs. Copper-64 is commonly used in 
PET imaging and radiopharmaceuticals because it can be produced from 64Cu(p,n) 64Ni-
reaction with high specific activity by low-energy cyclotrons [241]. Chelation of 64Cu to 
various macrocyclic chelators can provide an efficient route for radiolabeling a wide 
variety of nanoparticles and (macro)molecules.  
The crosslinked PE: PC (3:2)-coated UCNPs were first reacted with p-isothiocyanate-
benzyl functionalized copper-chelating 1,4,7-triazacyclononane motif (p-SCN-Bn-
NOTA). The NOTA-functionalized PE: PC (3:2) -coated UCNPs were labeled with 64Cu 
in a MES buffer (pH 6.0). Indirect confirmation on attachment of the p-SCN-Bn-NOTA to 
the UCNPs was obtained by performing 64Cu radiolabeling experiments on the resulting 
UCNPs. The complexation was confirmed by radio-thin layer chromatography (radio-
TLC) using glass microfiber chromatography paper impregnated with a silica gel (iTLC-
SG) as stationary phase and a 1:2 (v/v) mixture of 2 M NH4OAc/MeOH as mobile phase 
(Figure 3.3.3-2). Radiolabeled PE: PC (3:2)-coated UCNPs remained at the origin (Rf = 
0), whereas [64Cu]Cu- p-SCN-Bn-NOTA, as well as [64Cu]Cu-EDTA migrated with the 
solvent front (Rf = 1). Noteworthy, the excess of [64Cu]CuCl2 is complexed by the excess 
addition of EDTA. Free [64Cu]Cu (as an EDTA complex) and [64Cu]Cu-NOTA migrated to 
the solvent front (Rf = 1). 
 
 
Figure 3.3.3-2: Radiolabeling of crosslinked PDA-coated UCNPs after modification with 1,4,7-
triazacyclononane-triacetic acid (p-SCN-Bn-NOTA). After conjugation of the chelating agent, PE/PC (3:2)-
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coated UCNPs were labeled with an excess of [64Cu]CuCl2 and analyzed by radio-TLC. Radiolabeled PE/PC 
(3:2)-coated UCNPs remain at the origin (Rf = 0) (a), whereas [64Cu]Cu-NOTA (b) as well as [64Cu]Cu-EDTA 
(c) migrates with the solvent front (Rf = 1): Noteworthy, the excess of [64Cu]CuCl2 is complexes by the 
addition of EDTA. 
3.3.4 Conclusion 
In summary, we have presented a new strategy to obtain water-dispersible UCNPs, by 
using crosslinkable diacetylenes as surface coating agents. Covalent crosslinking of the 
hydrophilic diyne units on the UCNP surface affords rigid assemblies that are readily 
dispersible in aqueous medium and display high stability under physiological conditions. 
This crosslinking method also provides a way to tune the overall surface charge of the 
UCNPs without significantly altering their size and optical properties. For instance, by 
using mixed diyne lipid compositions, UCNPs with overall neutral surface charge could 
be produced. The crosslinked NPs retain their UC properties, albeit with a relatively small 
loss in upconversion luminescence in aqueous environment. These UCNPs exhibit 
excellent resistance to biomolecular corona formation both under the physiological 
conditions and at high serum concentrations. Moreover, surface-exposed amino groups 
of PE phospholipid can enable easy attachment of other bio- and radioactive moieties to 
the UCNPs by using bioconjugation methods. For example, first reacting the crosslinked 
UCNPs with p-SCN-Bn-NOTA derivative, and then radiolabeling the UCNP-p-SCN-Bn-
NOTA conjugates with 64Cu, successfully prepared the radiolabeled UCNPs. Owing to 
the rigidity of the covalently-linked PDA assembly, this coating strategy holds promising 
potential for generating UCNPs with higher stability and improved biocompatibility in 
comparison to other surface coating approaches.  
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3.4 Dye-Sensitized UCNPs 
Owing to the Laporte‐forbidden nature of 4f–4f transitions, lanthanide sensitizers (Nd3+ 
and Yb3+) suffer from narrow band absorption and low extinction coefficients 
(ϵ<10 M−1 cm−1), which largely restrict further improvement of luminescence intensity of 
the UCNPs [95]. One way to overcome this constraint is by functionalizing the surface of 
UCNPs with organic NIR dyes. Compared to lanthanide ions, organic NIR dyes have 
much higher molar absorption coefficients (103 -106 M-1 cm-1) and wider absorption bands. 
As a result, organic dyes can be employed as antennas to harvest light energy and 
subsequently transfer it to Ln3+ ions in UCNPs [242-245]. 
Cyanine dyes are a prominent class of synthetic polymethine compounds, with many 
different structures known today. They consist of polymethine chains flanked by N– 
heterocyclic moieties (typically indole, benzindoles, imidazole, pyridine, pyrrole, 
quinoline or thiazole). They exhibit unique optical properties, such as high molar 
absorption coefficients (ε ≈ 105–106 M−1 cm−1), with broad and tunable absorption bands 
in the NIR range.[246] In the frame of this work it has been shown that each additional 
double bond in the chain results in a red–shift of ≈100 nm of the absorption maximum 
(figure 3.4-1). 
 
 
Figure 3.4-1: UV-vis spectrum of indole cyanine dyes with varying length of polymethine chain (Cy3, Cy5, 
Cy7) in DMF.  
Longer distances of indole rings, such as in Cy9 (n=4, nonamethines), can further lower 
HOMO–LUMO gaps, however, the resulting dye is highly unstable towards oxidation of 
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the double bonds [247]. For these reasons, heptamethine dyes (Cy7) are the most 
suitable NIR dyes for bioimaging applications in the cyanine family. 
As previously mentioned (Section 2.4.2.3), Hummelen et al. [100] reported the IR806 
dye-based sensitization of NaYF4: Yb3+/Er3+ (20/2%) UCNPs. The IR‐806 dye is capable 
of absorbing light in the range from λ=650 to 850 nm and generating emission 
beyond λ=900 nm. This enabled spectral overlap between the dye emission and 
Yb3+absorption in the NIR region. Thus, the IR806 dye acted as an antenna harvesting 
NIR excitation photons and transferring the energy non-radiatively to Yb3+ and Er3+ ions 
in the UCNP cores. Remarkably, the IR‐806 dye‐sensitized NaYF4: Yb3+/Er3+ (20/2%) 
NPs presented three orders of magnitude enhanced upconversion emission in 
comparison with that of the NaYF4: Yb3+/Er3+ UCNPs without dye. 
 
Inspired by this pioneering study, the same dye was synthezed and attached on the 
surface of the core@shell NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4 : Nd3+ (25%) UCNPs 
hoping for it to provide a better spectral overlap with the 800 nm excitable Nd3+ ions and 
produce higher upconversion luminescence. Additionally, due to the usage of active shell 
structure, surface-related quenching mechanisms can be suppressed. Moreover, to 
render the IR806 coated core-shell UCNPs suitable for bioapplications, we employed 
DSPE-PEG-1000 phospholipid encapsulation strategy to render them hydrophilic.  
 
3.4.1 Synthesis and Characterization of the Sensitizer Dye IR806 
IR806 was synthesized from a commercially available dye IR-780 following a reported 
literature procedure with slight modifications. In order to attach the dye to the 
nanoparticles, the dye has to be provided with a suitable functional group, thus a p-
thiobenzoic acid moiety was designed. As shown in Scheme 3.4.1-1, there is a 
nucleofugal group in the central cyclohexenyl group of IR-780, which offers a reactive 
site for functionalization.  
DMF was evaporated under reduced pressure at 40° C, and the residue was dissolved 
dichloromethane (2 mL). Next, the green solution was filtered through a 0.45 µm PTFE 
syringe filter, and diethyl ether (40 mL) was added to precipitate the product. 
A mixture of IR-780 iodide (0.18 mmol, 120.08 mg) and 4-mercaptobenzoic acid (0.27 
mmol, 41.63 mg) in dimethylformamide was stirred at room temperature for 15 hours. 
After evaporation of DMF under reduced pressure a residue was obtained. The solid 
residue was washed with diethyl ether and dried under vacuum to afford gold-coloured 
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crystals. When the reaction is performed in polar aprotic solvents, such as DMF, the 
SRN1 pathway will be favored [248]. Thus, the modification was realized via efficient 
nucleophilic substitution of the chloride to form a p-thiobenzoic acid functionalized 
derivative. Finally, the identity of obtained p-thiobenzoic acid functionalized dye was 
confirmed with 1H,13C NMR spectroscopy and mass spectrometry.  
 
 
Scheme 3.4.1-1: Synthesis of p-thiobenzoic acid functionalized IR806 dye.[100] 
The as-synthesized NIR dye exhibited a broad and strong absorption between 600–900 
nm, with a maximum at 805 nm. (Fig. 3.4.1-1). As can be seen on the absorption 
spectrum, IR806 is transparent in the 400-600 nm region, which is an essential 
requirement for our application since the dye should not absorb the upconverted emitted 
light from UCNPs.  
 
 
Figure 3.4.1-1: Normalized absorption spectra of IR780 (2 μg mL−1 black trace), and p-thiobenzoic acid 
functionalized derivative IR806 (2 μg mL−1 red trace). Emission spectrum of IR806, excited at 760 nm (2 μg mL−1 
red trace). Both spectra were recorded in CHCl3. 
Upon excitation at 750 nm, the resulting IR806 emits light mainly between 760 and 870 
nm, with an emission maximum at 823 nm (Figure 3.4.1-1 left). On the other hand, the 
UV-Vis absorption spectra of BF4- -coated core-shell NaYF4:Nd3+/Yb3+/Er3+ 
(1/20/2%)@NaYF4 : Nd3+ (25%) UCNPs, registered in DMF, is presented in Fig 3.4.1-2. As 
expected, the nanoparticles exhibit characteristic transition peaks of Yb3+ and Nd3+ ions. 
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The peaks at around 740 (4I9/2→2F7/2), 800 (4I9/2→2F5/2), 860 (4I9/2→2F3/2) nm correspond 
to the absorption of Nd3+ ions in the shell and in the core, while the observed band at ~ 
980 nm corresponds to the absorption of Yb3+ ions in the core. Comparison of the two 
spectra clearly shows that the emission of IR806 strongly overlaps with the absorption 
peaks of Nd3+ ions doped in the UCNPs, implying that an efficient energy transfer should 
be possible from IR806 to Nd3+ ions in the shell and finally to the Nd3+/Yb3+/Er3+ doped in 
the core figure 3.4.1-2 (b). 
 
Figure 3.4.1-2: (a) Emission spectrum of IR806 in DMF (2 μg mL−1), excited at 760 nm overlaps well with the 
absorption of NaYF4: Nd3+, Yb3+, Er3+(1,20,2%)@NaYF4: Nd3+(25%) core-shell nanoparticles. (b) Schematic 
figure illustrating the proposed UC luminescence of IR806 core-shell UCNPs based on a non-radiative 
energy transfer mechanism. 
  Dye-sensitization of UCNPs  
Hexagonal phase (β) NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4 : Nd3+ (25%) core-shell 
UCNPs were synthesized as described in section 3.1. The oleate ligands on the surface 
of the UCNPs were replaced by IR806-dyes in a two-step ligand exchange process 
assisted by nitrosyl tetrafluoroborate. The resulting dye coated UCNPs were readily 
dispersible in DMF and CHCl3, forming clear dispersions. 
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Scheme 3.4.1.1-1: Functionalization of core-shell UCNPs with IR806 dye moieties and phospholipids. 
Successful adsorption of the dye onto the oleate-free UCNPs was confirmed by FTIR 
measurements: the spectrum of IR806-coated UCNPs is superimposable with the 
spectrum of the IR806 dye (Figure 3.4.1.1-1).  
 
 
Figure 3.4.1.1-1: FT‐IR (ATR) spectra of IR806‐coated UCNPs (green), and pure IR806 (red trace). The 
inset shows the color change of the sample from red (upper photograph of IR806 dye only) to deep green 
after being attached to the UCNPs (lower photograph). 
Results and Discussion 
78 
 
The sharp bands at 2924 and 2854 cm-1 are attributed to the asymmetric and the 
symmetric of the methylene groups, respectively. The bands at 1405 cm-1 and 1554 cm-
1 are ascribed to the symmetric ?̃?s(COO-) and asymmetric ?̃?as(COO-) carboxylate 
stretches, confirming that the dye is adsorbed to the UCNP surface by chemisorption. 
The type of interaction between the carboxylate group and the UCNP surface can be 
determined by the wavenumber difference, Δ?̃?, between the symmetric ?̃?s(COO- ) and 
asymmetric ?̃?as(COO- ) FTIR bands. In general, ∆?̃? values greater than 200 cm-1 
correspond to monodentate binding, whereas 190-140 cm-1 indicates bidentate bridging 
complexes, and values less than 110 cm-1 indicates bidentate binding. In this work, Δ?̃? 
(1660-1590= 70 cm-1) was ascribed to a bidentate coordination [249, 250]. We believe 
that the carboxylic acid functionalized molecules are chemically adsorbed on the UCNPs 
through the coordination between the COO- group and the Ln3+ ions on the UCNP 
surface [154] as illustrated in Scheme 3.4.1.1-1. 
 Optical Characterization of Dye-doped UCNPs 
Adsorption of IR-806 to the surface of the core-shell NaYF4:Nd3+/Yb3+/Er3+ 
(1/20/2%)@NaYF4 : Nd3+ (25%) UCNPs was also clearly confirmed by observed 
alterations in dye-related optical properties for the final UCNPs. First, the emission 
maximum of IR-806 attached to the core-shell UCNPs (dispersed in DMF) was blue-
shifted from 831 (IR-806 in DMF) to 828 nm (Figure 3.4.1.2-1). Likewise, under 760 nm 
excitation of the dye functionalized UCNPs, the luminescence intensity at λ=825 nm 
decreased by 35% with respect to the emission intensity of the IR806 dye (Figure 3.4.1.2-
1). Thus, part of the absorption energy of IR806 is transferred to UCNPs, which can take 
place through two possible energy transfer mechanisms: radiative or nonradiative. To 
clarify the dominant mechanism, we acquired the decay of fluorescence of the IR806 
bound to the surface of UCNPs. 
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Figure 3.4.1.2-1: (a) Normalized absorption spectra of pure IR806 dye (red curve), IR806-conjugated of β-NaYF4: 
Er3+/Yb3+/ Nd3+ (2/20/1%)@NaYF4:Nd (25%). (b) Emission spectra of pure IR806 dye (red curve), IR806-conjugated of 
β-NaYF4: Er3+, Yb3+, Nd3+ (2/20/1%)@NaYF4:Nd (25%). Both samples were obtained with similar dye concentrations (5 
× 10-6 M) in DMF. 
The dye-conjugated core-shell NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4 : Nd3+ (25%) 
UCNPs were further encapsulated with a PEG-phospholipid shell to endow them with 
dispersibility in aqueous medium. It is anticipated that driven by van der Vaals 
interactions, the hydrophobic alkyl chains of the lipids will intercalate between the dye 
entities, while their hydrophilic head groups are directed outward. After encapsulation, 
the hydrophilic head groups render the dye capped UCNPs well dispersible in water.  
DLS measurements were performed on the IR806-coated UCNPs and phospholipid 
encapsulated IR806-coated UCNPs to see the effect of the lipids on the hydrodynamic 
diameter of the UCNPs. The phospholipid intercalated IR806-UCNPs have a 
hydrodynamic diameter of 12.2 ± 1.9 nm, with a polydispersity index (PDI) of 0.19. (Table 
3.4.1.2-1). This corresponds to an increase in size of approximately 2 nm, compared with 
the size of IR806 dye-anchored hydrophobic UCNPs. 
 
Table 3.4.1.2-1: Intensity-weighted size distributions. Comparison of hydrodynamic diameter (Dh) of dye-
doped UCNPs measured in CHCl3, and phospholipid encapsulated UCNPs measured in double distilled 
H2O. 
 
UCNP Samples 
Particle size (Dh) PDI 
BF4—coated 9.1 ± 1.2 0.18 
IR806-coated 9.4 ± 2.1 0.19 
PEG-phospholipid-
encapsulated 
12.2 ± 1.9  0.31 
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Next, we examined the upconversion emission for the lipid encapsulated IR806 dye 
coated UCNP under 800 nm femtosecond pulsed laser excitation. As Fig 3.4.1.2-2 (b) 
shows, the emission spectrum of IR806-functionalized nanoparticles exhibited the three 
characteristic emission peaks of Er3+ ions: 2H11/2→ 4I15/2 (~525 nm), 4S3/2 →4I15/2  (~540 
nm) and 4F9/2 4→ 4I15/2  (~657 nm). The dye-sensitized core-shell UCNPs produce ∼4 
times higher upconversion luminescence than the non-sensitized UCNPs under the 
same experiment conditions. Digital photographs of core-shell UCNPs dispersed in and 
IR806 coated core-shell UCNPs dispersed in CHCl3 demonstrate the drastic increase in 
upconversion intensity caused by the presence of the dye molecules (figure 3.4.1.2-2 (c) 
and (d)).  
 
 
Figure 3.4.1.2-2: (a); Schematic energy level diagram illustrating the energy transfer process. (b); UC 
emission spectra of non-sensitized core-shell UCNPs dispersed in CHCl3 (black trace) and dye-sensitized 
UCNPs (green trace) dispersed in H2O. Both spectra were registered under λ=800 nm excitation with a fs 
pulsed laser. Photograph of core-shell (c) and dye-conjugated (d) NaYF4: 
Nd3+/Yb3+/Er3+(1/20/2%)@NaYF4:Nd3+ (25%) excited by 800 nm CW laser. A much stronger upconversion 
luminescence is observed from IR806 sensitized core-shell nanoparticles than the core-shell nanoparticles, 
confirming the antenna effect. The spectra were obtained with similar concentration of UCNPs (4 mg/mL of 
UCNPs in CHCl3) 
Although these experiments provide preliminary evidence for energy transfer from the 
dyes to the lanthanide ions, they do not allow to distinguish whether the nature of energy 
transfer is radiative or non-radiative.  
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For the determination of the energy transfer pathway and FRET efficiencies of the dye-
capped UCNPs, we measured the changes in the excited-state lifetimes before and after 
dye attachment. Figure 3.4.1.2-3 shows the fluorescence decay curves of the pure dye 
(red solid curve) and the dye attached core-shell UCNPs (green solid curve) in the region 
of 810 – 850 nm. The lifetime values were determined by fitting the decays using a mono-
exponential function. As expected, after attaching IR806 to the core-shell nanoparticles, 
the lifetime of the dye decreased from 1.03 ns to 0.37 ns. This shortening of lifetime 
confirms a nonradiative energy transfer from IR-806 to Nd3+. Nonradiative resonance 
energy transfer relies on the close proximity of the IR806 dye (donor) and UCNPs 
(acceptor). The energy is transferred between the resonant electronic excited states 
resulting in efficient energy transfer: As there is interaction between the donor and 
acceptor, decrease luminescence lifetime is observed. 
From the lifetime measurements, the resulting FRET efficiencies ET were calculated 
according to equation 6: 
 𝐸𝑇 = 1 −
𝜏𝐷𝐴
𝜏𝐷
           (equation 6) 
 
where 𝜏𝐷𝐴 and 𝜏𝐷 are the effective lifetimes of the donor in the absence and the presence 
of an energy acceptor: Following this equation, the energy transfer efficiency was 
determined to be 64%: 
 
 
Figure 3.4.1.2-3: Fluorescence decay curves of pure IR806 dye molecules (red solid curve), the dye 
molecules attached to the core-shell UCNPs (green solid curve): The fluorescence decay are mono-
exponential with a lifetime of 1.03 ns (dye only) and 0.37 ns (IR806 coated UCNPs) 
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3.4.2  Conclusion 
We demonstrate a four-fold enhancement of the upconversion emission in the dye-
bearing core-active shell UCNPs in comparison with the conventional non-sensitized 
core-shell UCNPs. The significantly extended excitation spectrum permits these IR806 
sensitized core-shell UCNPS to be excited within a broad spectral range from 700 to 860 
nm, facilitating their applications with multiple wavelength light sources. 
We demonstrated that the adsorbing the NIR IR806 dye on the UCNPs helps to enhance 
the UC intensity in the nanocomposites. In our case evidence for whether IR806 
increases the quantum yield of the nanoparticles has yet to be obtained. These 
measurements could not be conducted in the frame of this work due to time constraints 
and technical challenges encountered with appropriate instrumentation setup. 
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4  Conclusions and Perspectives 
4.1 Conclusions 
The integration of upconverting nanoparticles in industrial and scientific applications has 
yet to reach its peak and this is specifically true for medical applications where UCNPs 
can address several challenges associated with conventional fluorophores and provide 
much needed solutions. Lanthanide-doped nanoparticles are poised to replace organic 
NIR dyes in biological applications due to their interesting optical properties, namely 
upconversion, as well as the derivatization flexibilty of their surface. Upconverting 
nanoparticles (UCNPs) demonstrate remarkable optical properties, including large anti-
Stokes shift (measured in hundreds of nanometers), narrow emission bands, tunable 
emission spectrum, excellent photostability, and exceptionally long photoluminescence 
lifetime (100 µs – 1 ms). In biological applications especially in vivo, morphology and 
size of the nanoparticles plays a crucial role in determination of cellular responses and 
fate in living organism. Heterogeneously sized nanoparticles, in contrast to uniform ones, 
might be distributed unevenly in the organism causing undesirable toxic side effects. 
Therefore, precise control of the nanoparticle size, distribution, and reproducibility were 
main tasks in the first part of this work. 
We successfully developed a rapid, versatile, and reproducible protocol for the synthesis 
of luminescent oleate coated β-NaYF4: Nd3+/ Yb3+/ Er3+.and β-NaYF4: Yb3+/ Er3+. 
nanoparticles. The synthesis of upconverting nanoparticles via co-precipitation method 
is a convenient approach as it could be used to tune the particle size to a specific need. 
The ability to generate monodisperse single phase colloidal nanoparticles in a range 
spanning from sub-10 up to 20 nm in short reaction times suggests that this synthesis 
technique is versatile. Furthermore, it should be highlighted that upon using a high 
temperature resistant solvent (Therminol® 66) that is already being used in the industry– 
points towards commercial viability of upscaling the UCNP production to industrial 
dimensions. The size and phase‐purity of the as‐synthesized core and core-shell 
nanocrystals were assessed by using complementary transmission electron microscopy 
(TEM), dynamic light scattering (DLS), X‐ray diffraction (XRD), and small‐angle X‐ray 
scattering (SAXS) studies. In‐depth photophysical studies of the nanoparticles was 
pursued by using steady‐state and time‐resolved luminescence spectroscopy. An 
enhancement in the upconversion intensity was observed if the nanocrystals, doped with 
optimized concentrations of lanthanide sensitizer/activator ions were further coated with 
an inert or active shell. Moreover, we showed that a shell thickness of ∼ 2 nm is sufficient 
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to dramatically reduce the surface-related quenching processes, resulting in much 
brighter upconversion luminescence.  
While the resultant nanoparticles are hydrophobic in nature, imparting a hydrophilic 
character is essential for integration in biological applications. This can be carried out 
through surface modification, which not only results in aqueous dispersibility, but may 
also be used as a platform for carrying out surface chemistry.  
Phosphates and bisphosphonates are known to have a strong and stable binding affinity 
to the lanthanide ions on the UCNP surface resulting in a high dispersibility of the UCNPs in 
water [191-196]. The hydrophobic core-shell β-NaYF4 UCNPs were surface-modified with 
low molecular weight ligands including O-phospho-L-threonine, alendronic acid, and PEG-
phosphate ligands to generate water-dispersible UCNPs. Fourier-transform infrared (FTIR) 
spectroscopy was used to establish the presence of the ligands on the UCNP surface. These 
UCNPs exhibit great colloidal stability and a near-neutral surface at physiological pH, as 
confirmed by DLS and zeta potential measurements, respectively. The particles also display 
excellent long-term stability, with no major adverse effect on the size of UCNPs when kept at 
pH 7.4. Furthermore, the presence of reactive groups on the NPs, such as free amino groups 
in alendronate-coated UCNPs, enable further functionalization of UCNPs with dye molecules.  
Ligands on the UCNPs surface provide steric stabilization, resulting in good dispersion 
stability. However, due to their highly dynamic nature, they can be detached from the 
surface of UCNPs irreversibly in buffers and biological medium, leading to poor colloidal 
stability. To overcome this, we used photocrosslinkable diacetylenes as surface coating 
agents. The photocrosslinked UCNPs were found to be stable in water for weeks, 
substantiating the effectiveness of crosslinking in providing high dispersion stability. The 
crosslinking process suppressed the mobile nature of ligands, thereby improving the 
stability of the UCNPs in various media. Moreover, terminal amino groups of PE 
phospholipid enable further attachment of radionuclides to the UCNPs by using 
bioconjugation methods.  
The surface charge of UCNPs was found to be the key determinant of the composition 
and content of this protein corona. In particular, charged UCNPs exhibited higher protein 
adsorption than that of near neutral nanoparticles. Upon exposure to human serum, PEG-
phosphate-, alendronate-, crosslinked 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphoethanolamine (PE):1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine 
(PC) in ratios (1:1), and (3:2) coated UCNPs shows no formation of biomolecular corona, 
as confirmed by SDS-PAGE analysis.  
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 The photophysical properties of water-dispersible UCNPs were investigated using steady-
state as well as time-resolved luminescence spectroscopy, under 800 nm excitation. The 
results showed that upconversion emission of the hydrophilic UCNPs is significantly 
reduced compared to the oleate-coated UCNPs due to non-radiative decay of excited 
states of Nd3+ ions caused by surface ligands and water molecules.  
To overcome the low absorption limitation of lanthanide ions and to efficiently increase the 
upconversion luminescence intensity, we anchored a carboxyl functionalized NIR dye 
(IR806) on the surface of the core-shell upconversion nanoparticles. Under 800 nm 
excitation the strongly and broadly absorbing IR806 dye is able to harvest excitation photons 
and nonradiatively transfer the excitation energy to the Nd3+ ions. Subsequently, the energy 
was transferred to Nd3+ ions in the shell and finally to the Yb3+/Er3+ ions positioned in the 
core to generate UC emission. The attachment of IR806 dye not only enhances the 
emission of the core-shell UCNPs by ∼4-fold but also provides a broad excitation band 
of 700−860 nm.  
4.2 Future Scopes  
Research is never complete without pondering future work to be conducted in an effort 
to further improve and understand the systems studied.  
In this work we have done preliminary investigations on the protein corona formation on 
UCNPs. Identification and characterization of the proteins adsorbed on UCNPs surface 
and subsequent analysis of their secondary structures will be necessary to yield more 
detailed insights into binding mechanism of proteins and the possible extrapolations of 
UCNP behavior in vitro and in vivo [251]. Tools such as circular dichroism spectroscopy 
can be exploited to elucidate the protein structures during their interaction with UCNPs 
[252]. Additionally, biological experiments including cellular assay are required and 
should be undertaken to determine the toxicity of UCNPs in biological environment. 
The particle sizes of water-dispersible UCNPs developed in this research project were 
larger than 10 nm. UCNPs envisioned for in-vivo applications, implies the absence of 
long-term accumulation in organs and only a transient accumulation in the zone to be 
imaged. Ultrasmall NPs (sub-10 nm) can be excreted by the renal pathway after imaging, 
which reduces toxic effects caused by long-term accumulation of NPs in the body [59]. 
In this context, the size of UCNPs must be reduced. The design and synthesis of 
hydrophilic ultrasmall UCNPs, requires more stringent control of the reaction parameters 
in order to control the crystallite size and phase.  
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The upconversion luminescence intensity of crosslinked polydiacetylene-coated UCNPs 
was significantly reduced as compared to that of OA-coated UCNPs. The presence of 
oleate ligands in the latter case, provide a better surface coverage and hinder at least 
partly the direct access of solvent molecules to quench the Ln3+ excited states at the 
UCNP surface. By loading for insistence IR806 dye molecules, the upconversion 
emission intensity of crosslinked polydiacetyle-coated UCNPs can be enhanced. 
Furthermore, detachment of NIR dyes from the UCNPs could be prevented by 
harnessing the photocrosslinking ability of diacetylenes. 
Tethering of radionuclide to NPs enables whole-body imaging and pharmacokinetic 
studies through imaging modalities such as positron emission tomography (PET), or 
single-photon emission computed tomography (SPECT). Compared with small 
molecules or bioconjugates widely used in research, nanoparticles (NPs) have the 
potential to be used as effective carriers of radionuclides per particle due to their high 
surface to area ratio and internal volumes. 
The most commonly employed approach for radiolabeling inorganic nanoparticles 
requires the use of chelators, which coordinates to nanoparticles forming stable 
complexes. Although it has been extensively used at both preclinical and clinical stages, 
chelator based radiolabeling still faces some limitations. Due to the singularity of each 
radionuclide, to date there is no specific chelator that conjugates to all radionuclides with 
thermodynamic and kinetic stability. Moreover, the in vivo stability of chelation can be 
compromised by transchelation induced by proteins, leading to the dissociation of 
radionuclides from nanoparticles. A potential detachment could then cause erroneous 
interpretation of biodistribution and pharmacokinetics of nanoparticles, which may not 
accurately reflect the pharmacological behavior of unlabeled nanoparticles [232, 253, 
254]. It would therefore be of great interest to develop a reproducible radiochemical 
doping method which involves the incorporation of trace amounts of for instance 90Y into 
the NaYF4 host lattice during synthesis.  
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5 Experimental Section  
5.1 Characterization Techniques  
Transmission Electron Microscopy 
Transmission electron microscopy (TEM) analyses of the colloidal nanoparticle 
dispersions were performed using an image Cs-corrected FEI Titan 80-300 electron 
microscope operated at an accelerating voltage of 300 kV. Samples were prepared by 
dropping dispersions on carbon-coated copper grids (400 mesh).  
 
Dynamic light scattering (DLS) 
The hydrodynamic diameters of prepared nanocrystals were determined by dynamic 
light scattering (DLS) using a Malvern Zetasizer Nano ZS Instrument with a He-Ne laser 
(λ = 632 nm) (Malvern Instruments GmbH, Germany) at a constant temperature of 25 °C 
with a detection angle of 173° and processed by means of the associated Zetasizer 
software version 7.02.  
 
Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR spectra were acquired on a Nicolet iS5 FT-IR spectrometer, using iD5 for 
Attenuated Total Reflectance (ATR) measurements (diamond). The spectra were 
recorded in transmission mode in a wavenumber range 4000-500 cm-1. 
 
Thermogravimetry Analysis (TGA) 
TGA measurements were performed under inert gas atmosphere was performed using 
a STA 449 F5 Jupiter (Netzsch). At least 20 mg of lyophilized samples were introduced 
in an aluminum oxide crucible and the sample was heated the temperature range of 35 
to 600 °C (with a speed of 10K/min). 
 
X-Ray Diffraction (XRD) 
The crystal structure and phase purity of prepared nanomaterials were studied by 
powder X-ray diffraction (XRD) measurements using a Empyrean diffractometer from 
PANalytical equipped with a Göbel mirror using CuKα radiation (λ = 0.154 nm). The XRD 
patterns were recorded by a PIXcel3D 2x2 detector in a range of 1.3-130.1° using a 
typical scanning step of 0.013° per 592 seconds. 
 
Small-Angle X-ray Scattering (SAXS) 
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SAXS measurements were performed on a modified Empyrean diffractometer equipped 
with a two-dimensional side-by-side optics and an extended fine focus Cu tube with a 
point spot size of 150 µm. It was ensured that the primary beam width remained almost 
constant over the entire dynamic range and that no secondary maxima occurred. For 
registering the scattering signal, a PIXcel3D 2x2 detector was used. 
 
UV Spectrophotometry  
UV-Vis spectra were collected using quartz cuvettes (Helma Analytics) in a Analytik Jena 
Specord 50 spectrophotometer. All analyses were carried out at room temperature. 
Spectra were recorded between 190-900 nm. 
Mass Spectrometry 
Electron spray Ionization-MS (ESI-MS) was conducted on high-performance compact 
mass spectrometer ‘expression CMS’ (Advion, Germany) in a positive mode. The 
samples 0.1 mg mL-1 were dissolved in acetonitrile: water (1:1) and a diluted 5 μL sample 
of 1:100 dilution was injected with a flow rate of 0.1 mL min -1. Software Mass express 
and data express version 3.0 were used for data analysis. 
 
Nuclear Magnetic Resonance Spectroscopy 
The 1H, 31P, 13C NMR spectra were acquired in D2O and CDCl3 solvent using a Bruker 
at 400 MHz. Spectra were referenced to the solvent line (CHCl3: 7.26 ppm for 1H, 77.0 
ppm for 13C) relative to tetramethylsilane. Chemical shifts (δ) are reported in ppm (parts 
per million) with the solvent residual signal (7.26 for CDCl3 4.79 for D2O) as the reference. 
J coupling constants are given in Hz. Multiplicities are reported as s (singlet), d (doublet), 
t (triplet), q (quartet), m (multiplet). 
 
Photocrosskinking 
The crosslinking process was performed in glass vials in a photochemical chamber 
reactor from Rayonet (model: RPR-200), operating horizontally. UV-irradiation was 
carried out with 10 lamps (RPR-2537A), 254 nm and 35 W lamp power.  
 
Spectrofluorometer and Laser Systems 
Luminescence spectra of IR-780 iodine, IR806, FITC- and IR806-conjugated UCNPs 
respectively were measured on a PerkinElmer LS 50 luminescence spectrometer, 
equipped with a xenon lamp source and processed by means of BL Studio software. 
The emission and excitation slits were set at 10 nm 
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Steady‐state and time‐resolved upconversion luminescence spectra for the hydrophobic 
UCNPs were obtained by applying a wavelength tunable pulsed Nd: YAG/OPO laser 
system (laser: Quanta Ray, Spectra‐Physics, Mountain View, CA, USA; OPO: GWU‐
Lasertechnik Vertriebsges. GmbH, Erftstadt, Germany) operating at 10 Hz as the 
excitation light source (at 26 mJ, 120 mW cm−2). Spectra were recorded using an 
intensified CCD camera (iStar DH720‐18V‐73, Andor Technology, Belfast, Great Britain) 
coupled to a spectrograph (Shamrock SR 303i, Andor Technology, Belfast, Great Britain) 
equipped with 600 lines per mm grating blazed at 500 nm. The luminescence 
measurements were collected in the so‐called boxcar technique by applying an initial 
gate delay of Δt=500 ns relative to the excitation laser pulse and gate widths of δt=30 μs 
for signal accumulation. For determination of the luminescence decay kinetics, the initial 
gate delay was stepwise increased and was used for the construction of the intensity–
time traces. Typically, 300 spectra were recorded and used in determining the 
luminescence decay kinetics. For the laser‐power‐dependent luminescence 
measurements, a set of absorptive gray filters and a power meter FieldMax 2‐TOP with 
connected PowerMax PM10V1 (Coherent, Portland, OR, USA) were used.  
 
The steady state upconversion luminescence measurements of the hydrophilic UCNPs 
were performed with a wavelength tunable short pulsed Ti: sapphire laser system (Mai 
Tai HP, Spectra-Physics, Mountain View, CA, USA). The output from the Ti: sapphire 
laser consists of 150 fs pulses at a repetition rate of 80 ± 1 MHz. The spectra were 
detected using ICCD camera (Horiba) cooled to −5 °C. For time–resolved 
measurements, a Sunlite laser (continuum source, 250 mW) with a laser wavelength of 
793 nm was used for excitation. The emitted light was spectrally decomposed (100 lines 
per mm) by iHR 550 Horiba spectrometer (slot width 200 µm). The central wavelength of 
the spectrometer was set to 520 nm, and spectra were recorded in the range 370–750 
nm. The spectra were detected by an ICCD camera cooled to −5 °C (Horiba). A dynamic 
step width was used to describe species with a long emission lifetime as well as species 
with short emission lifetime. 
 
For upconversion photoexcitation an 800 nm CW laser (200 mW) from Roithner was 
used. 
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5.2 Chemicals and Materials 
All chemicals and organic solvents used were of highest grade available and were used 
as received without further purification. Double distilled water with resistivity 18 MΩ.cm 
(25°C) obtained from Millipore RiOs/Origin System (Millipore Corporation, USA) was 
used for all the syntheses and analyses throughout. 
 
Table 1: Specifications for Chemicals used in this work. 
Chemicals  Purity 
4-Aminobutyric acid Sigma-Aldrich ≥ 98 % 
Ammonium acetate (NH4OAc) Fluka® ≥ 99.0 % 
Ammonium fluoride Sigma-Aldrich ≥ 99.0 % 
1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphocholine (PC) 
Avanti Polar Lipids >99% 
1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphoethanolamine (PE) 
Avanti Polar Lipids >99% 
1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-1000] 
(ammonium salt) 
Avanti Polar Lipids >99% 
Erbium(III) chloride hexahydrate Sigma-Aldrich ≥ 99.0 % 
Ethylene diamine tetraacetic acid (EDTA) Fluka® ≥ 99.0 % 
S-2-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid (p-
SCN-Bn-NOTA) 
Macrocyclics ≥ 94.0 % 
Human Serum Albumin Sigma-Aldrich ≥ 98.0 % 
Fluorescein isothiocyanate (FITC) Sigma-Aldrich > 98 % 
IR-780 iodide Sigma-Aldrich 98 % 
Laemmli buffer Bio-Rad Lab GmBH  
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4-Mercaptobenzoic acid Sigma-Aldrich 99% 
Methanesulfonic acid Sigma-Aldrich ≥ 99.5 % 
2-(N-morpholino) ethanesulfonic acid (MES) MERC ≥ 99.5 % 
Oleic acid Sigma-Aldrich 90% 
10,12-Pentacosadiynoic acid (PCDA) Sigma-Aldrich ≥ 97.0 % 
Phosphorus acid Sigma-Aldrich ≥ 98.5 % 
Phosphorous trichloride (PCl3) Sigma-Aldrich 99.% 
Phosphorus(V) oxychloride (POCl3) Sigma-Aldrich 99.999% 
Poly (ethylene glycol) PEG MERC  
Sodium bicarbonate (NaHCO3) Sigma-Aldrich ≥ 99.5% 
Sodium hydroxide (NaOH) Sigma-Aldrich 99.9% 
Therminol66 (T66) JULABO GmBH, 
Product number: 
8940131 
FRAGOL GmbH, 
product number: 
2600267 
90% 
Ytterbium(III) chloride hexahydrate Sigma-Aldrich ≥ 99.0 % 
   
 
5.2.1 Preparation of Sodium Oleate 
Oleic acid (50 mmol, 16 mL) was added dropwise to sodium hydroxide (50 mmol, 2 g) 
dissolved in absolute ethanol (700 mL). The reaction mixture was stirred overnight at 
room temperature (RT). Sodium oleate was obtained as a white solid after evaporation 
of the solvent under reduced pressure at 40 °C.  
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5.2.2 Preparation of Alendronic Acid.  
Alendronic acid was prepared according to the general method reported by Kieczykowski 
et al.[255] In detail, 4-aminobutyric acid (24.2 mmol, 2.5 g), phosphorus acid (24.2 mmol, 
1.9 g) and methanesulfonic acid (11 mL) were introduced in a flask with a reflux 
condenser and the mixture was heated to 65 °C. PCl3 (48.4 mmol, 4.2 mL) was added 
dropwise and the mixture was maintained at 70 °C for 20 h. Next, water (20 mL) was 
added to the cooled mixture and the solution was refluxed for 5 h. Thereafter, the product 
was precipitated by addition of ethanol (350 mL), and the product was allowed to 
crystallize at 4 °C. The product was collected by filtration and washed with ethanol, 
yielding 5.1 g of alendronic acid as white solid (yield: 85%). 
 
 
1H-NMR (D2O 400 MHz): δ 2.59 (2H, t, J = 7.0 Hz), 1.93–1.82 (2H, m), 1.78–1.69 (2H, 
m); 13C-NMR (D2O, 125.8 MHz): 79.3 (t, 1 JCP = 134.5 Hz), 44.6, 36.2, 30.2 (t, 2 JCP = 
5.0 Hz). 
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31P-NMR (D2O, 400 MHz) δ 18.58 (s). 
 
5.2.3 Preparation of PEG-Phosphate 
The PEG-phosphate ligands were synthesized by using a PEG of Mn = 1000g/mol. 2 
mmol (2 g) of PEG was dried by heating at 70°C under vacuum overnight. The dried 
PEG was then dissolved in anhydrous THF (30 mL). Next, phosphoryl trichloride (4 
mmol, 613.32 g) was added to the solution at 0°C. Thereafter, the mixture was 
maintained at RT for 4h. The reaction was quenched by adding distilled water (15mL) 
dropwise. The solution was extracted with chloroform, the organic layer was collected on 
anhydrous MgSO4, and the volatiles were removed under vacuum via rotary evaporation. 
Finally, the resulting colorless residue was dialyzed against milli-Q water. After 
lyophilization the desired product was collected as a white solid. 
5.2.4 p-thiobenzoic acid functionalized IR-780 
The reaction was performed in oven-dried glassware and under N2 atmosphere. IR-780 
iodide (0.18 mmol, 120.08 mg), 4-mercaptobenzoic acid (0.27 mmol, 41.63 mg) and 
anhydrous DMF (5 mL) were introduced into a round bottom flask. The green solution 
was allowed to stir at room temperature for 15 hours. DMF was evaporated under 
reduced pressure at 40° C, and the residue was dissolved dichloromethane (2 mL). Next, 
the green solution was filtered through a 0.45 µm PTFE syringe filter, and diethyl ether 
(40 mL) was added to precipitate the product. Afterwards, the organic solvent was 
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removed under rotary evaporator at 40° C. Finally, the obtained solid was dried under 
high vacuum at RT overnight to afford 125,58 mg of red-brownish crystals. Yield 89% 
 
 
1H NMR (400 MHz, CDCl3): δ 8.56 (d, J = 14.1, 2H), 7.95 (d, J = 8.4, 2H), 7.34 (t, J = 
7.7, 2H), 7.26 (t, J = 7.6, 4H), 7.18 (t, J = 7.4, 2H), 7.11 (d, J = 8.0, 2H), 6.27 (d, J = 14.1, 
2H), 4.15 (t, J = 7.2, 4H), 2.82 (t, J = 5.8, 4H), 2.06 (s, 2H), 1.87 (dd, J = 14.6, 7.3, 4H), 
1.43 (s, 12H), 1.04 (t, J = 7.4, 6H).  
 
 
13C NMR (400 MHz, CDCl3): δ 172.56, 169.92, 148.77, 145.56, 144.74, 142.40, 141.23, 
133.38, 131.19, 128.81, 128.19, 125.61, 125.36, 122.26, 112.26, 102.28, 49.29, 46.61, 
27.98, 27.06, 21.04, 20.84, 11.79.  
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ESI-MS: [M+H] + 658.1 
 
5.2.5 Synthesis of Core UCNPs  
In a typical procedure, YCl3 (0.77 mmol, 233.74 mg), NdCl3 (0.01 mmol, 3.58 mg), YbCl3 
(0.2 mmol, 77.50 mg) and ErCl3 (0.02 mmol, 7.63 mg) were dissolved in 20 mL of a 3:2 
(v/v) mixture of T66/OA and the mixture was heated for 45 min at 120 °C under vacuum 
to obtain a yellow homogenous solution. Following this, the solution was cooled down to 
90 °C. Afterwards, sodium oleate (2.5 mmol, 761.1 mg) and ammonium fluoride (4 mmol, 
148.16 mg) were added at once under argon atmosphere. A degassing step at 90 °C 
was then performed to generate anhydrous, oxygen-free conditions without premature 
decomposition of NH4F. Subsequently, the solution was heated (heat rate 10 °C min-1) 
up to the final reaction temperature of 305–320 °C (± 1 °C). The reaction was maintained 
at this temperature for 5, 10 and 20 min respectively under argon and then cooled rapidly 
by a strong stream of air to yield particles with defined size (Table 1). After cooling, the 
UCNPs were precipitated from the solution by addition of absolute ethanol (25 mL) and 
isolated by centrifugation (3939×g, 5 min). The supernatant was discarded, and the white 
pellet was washed several times by dispersing it in minimal amount of n-hexane. The 
nanoparticles where then precipitated again with addition of ethanol and centrifuged. 
This washing procedure was performed to ensure elimination of the reaction surfactants 
as well as any NaF impurities that were formed. Finally, the purified oleate-coated 
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UCNPs were dispersed in n-hexane or chloroform (10 mL) forming a transparent 
solution. The UCNPs could be stored at room temperature and were colloidally stable 
for several months.  
5.2.6 Synthesis of Core-Shell UCNPs 
A shell precursor solution was prepared as follows: T66 (8 mL), OA (4 mL), YCl3 (0.65 
mmol, 455.04 mg), NdCl3 (0.25 mmol, 179.35 mg) and YbCl3 (0.1 mmol, mg) were mixed 
in 50 mL flask and heated at 120 °C for 60 min under vacuum. Afterwards, the solution 
was cooled down to 90 °C. Next, NH4F (4 mmol, 148.16 mg) and sodium oleate (2.5 
mmol, 761.1 mg) were added under argon atmosphere. The reaction mixture was stirred 
for another 30 min under argon atmosphere to dissolve the solids. Finally, the shell 
solution was stored at RT until further use. 
To apply a shell on the synthesized core nanoparticles, slow injection method was used. 
Firstly, a solution of core UCNPs (60 mg) in 20 mL of T66/OA (3:2 v/v) was heated at 
75 °C for 30 min. Afterwards, an argon atmosphere was applied, and the temperature 
was elevated to the injection temperature of 305 °C. Thereafter, the shell precursor (1 
mL) solution was added dropwise while controlling the injection velocity (2 mL/h) using 
a syringe pump. After the addition of the precursor solution, the reaction temperature 
was maintained at 305 °C for 5 min before cooling down to 75 °C. The purification steps 
were same as described for the core UCNPs.  
5.3 Surface Engineering 
Hydrophilic UCNPs were prepared through a two-step ligand exchange process using 
BF4- as an intermediate ligand. The oleate ligands of core–shell UCNPs were first 
replaced with BF4- ions following a procedure reported by Dong et al.[155] For this, 3 mL 
of stock solution of core–shell UCNPs in hexane (10 mg mL−1) was mixed with NOBF4 
(30 mg) in DMF (3 mL), and the biphasic solution was stirred vigorously for 10 min at 
room temperature allowing an extraction of BF4- -coated nanoparticles from the upper 
hexane phase into the lower DMF phase. The BF4--coated UCNPs were then precipitated 
from the DMF solution using chloroform (2 × 20 mL) and collected after centrifugation 
(2383× g, 15 min). Afterwards, the transparent pellet was once again dispersed in 5 mL 
of DMF and centrifuged (1000× g, 3 min) to remove any larger aggregates, and the 
supernatant was used as a stock solution for all subsequent hydrophilic coating 
procedures. In the second step, the desired capping ligands (alendronic acid, PEG-
phosphate or OPLT) were used as final stabilizing agents. For final coating of the UCNPs 
with hydrophilic ligands, 1 mL of the stock dispersion of BF4- -coated UCNPs was slowly 
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added to a prepared aqueous solution (3 mL) of the corresponding ligand (25 mg in 3 
mL of NaHCO3 (1 M aqueous solution) for alendronate, NH3 (1 M) /H2O (1/2 v/v) for PEG-
phosphate and OPLT) and stirred vigorously for 2 h. The turbid dispersion was 
centrifuged (2383× g, 5 min), the supernatant was discarded, and the resulting pellet 
was re-dispersed in water (500 µL) and centrifuged for 15 min at 2383× g. This step was 
repeated twice. Finally, the pellet was re-dispersed in water (5 mL) and passed through 
a 30 kDa cut–off centrifuge tube filter (regenerated cellulose) (1000× g, 30 min) to 
remove any low molecular weight impurities. The resulting dispersion was filtered 
through a 0.22 μm PTFE syringe filter (to remove any large aggregates) and stored at 
RT until further use.  
 
5.3.1 Surface Functionalization with Fluorescein Isothiocyanate  
Fluorescein isothiocyanate (FITC) solution was prepared by dissolving 1 mg of the 
reactive dye in 1 mL of anhydrous dimethyl sulfoxide (DMSO). Then, 200 µL of 
alendronate coated UCNPs (10 µg µL−1 in dd water) were mixed with 2, 4 or 8 µL of FITC 
solution in 20 µL of 100 mM carbonate buffer (pH 9.2). The mixture was slowly stirres at 
RT (in darkness) for up to 4 h, purified by spin ultrafiltration using 10 kDa cut-off 
centrifuge tube filters (regenerated cellulose) (5000× g, 5 min) and then re-suspended in 
double distilled water. The coupling reaction was monitored by thin layer chromatography 
(TLC), performed using glass microfiber chromatography paper impregnated with a silica 
gel (iTLC-SG) as stationary phase and a 1: 2 (v/v) mixture of NH4OAc (2 M)/MeOH as 
mobile phase. After TLC, images of the chromatography stripes were acquired with an 
Amersham Typhoon 5 Scanner (GE Healthcare) using the specific excitation/emission 
wavelength for CY2. 
5.3.2 Isolation and Characterization of UCNP-Associated Proteins. 
Samples containing a total amount of 100 µg of differently coated hydrophilic UCNPs 
(final concentration 1 µg µL−1) were incubated with increasing concentrations of normal 
(without pre-treatment) or heat-inactivated human serum, diluted with PBS, for 1 h at 37 
°C or 4 °C in protein LoBind vials (Eppendorf). For heat inactivation, the human serum 
was incubated at 56 °C for 30 min prior to its addition to the different water-dispersible 
UCNPs. After incubation in serum, samples were centrifuged for 5 min at 8000× g and 4 
°C to pellet the UCNP-corona complexes and to remove the supernatant serum. The 
pellets were then washed three times with ice-cold PBS and centrifuged again for 5 min 
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at 8000× g and 4 °C to remove proteins with low affinity for the nanoparticle surface. 
Finally, the UCNP-corona pellets were air-dried after the last centrifugation step to 
evaporate remaining liquid, re-suspended in Laemmli buffer supplemented with 355 mM 
β-mercaptoethanol and incubated for additional 5 min at 95 °C to reduce and denature 
the proteins. After cooling to RT, the samples were loaded on a 12% SDS-
polyacrylamide gel and subjected to electrophoresis until the bromophenol blue dye of 
the sample buffer reached the end of the gel. After electrophoretic separation, the gels 
were stained with colloidal Coomassie G-250 (PageBlue Protein Staining Solution, 
Thermo Fisher Scientific) according to the manufacturer’s instructions. 
 
5.3.3 IR806-Dye Conjugation 
The oleate ligands on the surface of the core/shell UCNPs were efficiently replaced by 
fluorescent dyes in a two-step ligand exchange process assisted by nitrosyl 
tetrafluoroborate. A dispersion of BF4- coated particles (20 mg) in 1 mL DMF was added 
dropwise to a solution of carboxylate-functionalized dye IR806 (1 mg) in 1 mL DMF and 
stirred for 2h at RT. Next, the particles were separated from the solvent by centrifugation 
(13000× g 45 minutes). The pellet was washed with DMF until the supernatant was 
colorless. Finally, the colored precipitate was finally dispersed in 2 mL DMF and stored 
in the dark. UV-vis and emission spectra were of the IR806-functionalized UCNPS were 
registered in quartz cuvettes (path length 1 cm). For luminesce spectra the excitation 
wavelength was set at λ=760 nm. 
 Determination of the number of IR806 moieties per UCNP: 
To estimate the number of dye molecules per nanoparticle we conducted 
thermogravimetric analysis (TGA) experiments8 of the BF4- coated UCNPs the 
temperature range of 35 to 600 °C. TGA measures the mass loss of a material as a 
function of temperature in a controlled atmosphere. The TGA indicated a relative mass 
loss of ~ 20 % which corresponds to the decomposition of BF4-.  
 
                                                             
8 TGA measurements were performed by Dr Stephan Weiß at the Institute of Resource Ecology, Helmholtz-
Zentrum Dresden-Rossendorf 
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TGA experiment quantifying the relative mass loss of BF4−-coated UCNPs as ∼20%. 
 
One can calculate the number of dyes per UCNP from the absolute mass loss and the 
density of hexagonal NaYF4 (4.21×10-21 g nm-3).[100] The volume of one UCNP (VUCNP) 
was calculated using equation 7, assuming a spherical particle shape:  
 
𝑉𝑈𝐶𝑁𝑃 =  
4
3
× 𝜋𝑟3              
  
 
With r = 4.7 nm (obtained from DLS measurements), the volume of one UCNP (VUCNP) 
is ~ 4.35 × 102 nm3. 
Next, the mass of a single UCNP (mUCNP) is determined by multiplying by the density of 
the material:  
 
𝑚𝑢𝑐𝑛𝑝 = 𝜌𝑈𝐶𝑁𝑃 × 𝑉𝑈𝐶𝑁𝑃          (equation 8) 
 
With: 
           𝜌𝑁𝑎𝑌𝐹4 = 4.21 × 10
−21 g nm-3 
 𝑉𝑈𝐶𝑁𝑃 = 4.35 × 102  nm3 
 
The average mass of one single UCNP (mUCNP) is ≈ 18.31×10-19 g. 
Considering the mass loss of BF4-  molecules, the average mass of initial BF4--coated 
single UCNP is mUCNP-BF4- = 18.31×10-19 ÷ 80% = 22.89×10-19g. As a result, the 
“molecular weight” of initial BF4--coated single UCNP is MUCNP= mUCNP×NA= 22.89×10-
19×6.02×1023 = 1.38×106 g/mol. For the dye derivatization experiment of UCNPs, the 
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mass of initial BF4--coated UCNPs used was 10.31 mg in each sample. So, the number 
of NaYF4: 2%Nd,20%Yb,2%Er@NaYF4:25%Nd UCNPs in each sample is NUCNP= 
0.01031/1.38×106 = 7.47 nmol 
 The dye concentration was calculated from absorbance measurements (via Beer-
Lambert law).of the dye coated UCNPs using absorption coefficient of 3.06×105 l mol-1 
cm-1.The number of IR806dye molecules was determined to be 65 nmol in a sample:  
 
Finally, the number of IR-806 dye per UCNPs is given:  
 
𝑁 =
𝑁𝐼𝑅806
𝑁𝑈𝐶𝑁𝑃𝑠
 ≈ 9 
 
5.3.4 Phospholipid Coating  
Dye coated UCNPs (10 mg) were dispersed in chloroform (2 mL) and were added 
dropwise to a chloroform solution (2 mL) containing DSPE-PEG-1000 lipid (10 mg) 
followed by ultrasonication for 5 minutes to give a clear solution. Afterwards, chloroform 
was evaporated slowly overnight at RT, in a fume hood protected from light. The obtained 
film was hydrated in double distilled-water (2 mL), and after ultrasonication (5 min) the 
UCNPs were greatly dispersible. Excess lipids were removed by centrifugation (1215× 
g, 10 min). Subsequently, the supernatant was transferred to a 30 kDa cut-off centrifuge 
tube filter (regenerated cellulose) (1215× g, 45 min) and washed 3 times with double 
distilled-H2O to remove any low molecular weight impurities. Finally, the coated UCNPs 
were dispersed in 2 mL milli-Q water. 
5.3.5 Surface Coating of UCNPs with 10,12-Pentacosadiynoic Acid 
The 10,12-pentacosadiynoic acid (PCDA)-coated UCNPs were prepared through a two-
step ligand exchange process. First, the exchange of oleate ligands on the OA-coated 
UCNPs with BF4- ions was carried out, following established procedure. The resulting 
BF4--coated UCNPs (5 mg) in DMF (1 mL) were then added dropwise to a mixture of 
PCDA (10 mg) and triethlyamine (50 µL) in chloroform (200 µL). The dispersion was 
stirred vigorously for 25 min at room temperature (RT), and subsequently the PDA-
coated UCNPs were pelleted by centrifugation (2383 × g, 5 min). The pellet was again 
suspended in chloroform (1 mL), and the resulting dispersion was filtered through a 0.2 
µm PTFE syringe filter (to remove any large aggregates) before using it for the synthesis 
of crosslinked UCNPs.  
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5.3.6 General Procedure for the Synthesis of Crosslinked UCNPs  
For rendering the UCNPs water-dispersible, 1 mL aliquot of the stock chloroform 
dispersion of PDA-coated UCNPs (5 mg) was added dropwise to a 2 mL solution of diyne 
lipids of the desired composition (PE/PC = 1:0, 1:1, 2:1 and 3:2 (w/w) in chloroform), 
followed by sonication for 10 min. Afterwards, the dispersion was left to stand overnight 
at RT to allow for slow evaporation of chloroform. The obtained film was hydrated using 
double distilled water (2 mL) and sonicated for 5 min to afford an aqueous dispersion of 
UCNPs. The dispersion was centrifuged (5000 × g, 10 min) to remove excess lipids. 
Afterwards the supernatant was transferred to a 30 kDa cut-off centrifuge tube filter 
(regenerated cellulose) and centrifuged at 1215 × g for 45 min. Low molecular weight 
impurities were removed by three washing steps with double distilled water. The resulting 
dispersion was transferred into a glass vial and diluted with double distilled H2O (1 mL). 
Finally, the diacetylenic PCDA-lipid assembly on the surface of the UCNPs was 
crosslinked upon irradiation at λ = 254 nm inside a photoreactor chamber. The 
photochemical reaction was followed by measuring the absorption after 5,10, 25, 50, 65, 
75, and 90 minutes respectively. The obtained crosslinked PDA-coated UCNPs were 
stored at 4 °C, until further use. Down conversion emission spectrum of PDA-coated 
UCNPs was obtained following excitation at λ = 450 nm in a quartz cuvette (pathlength 
1 cm). 
5.3.7 Surface Functionalization with 1,4,7-Triazacyclononane-1,4,7-
Triacetic Acid (NOTA).  
 4 µL of a 5 mM solution of p-SCN-Bn-NOTA in carbonate-bicarbonate buffer (200 mM, 
pH 9.2)/DMSO (1:1 v/v) were mixed with 336 µL of PE/PC (3:2)-coated UCNPs (~6 μg 
μL−1 in double distilled water) and 100 µL of 200 mM carbonate-bicarbonate buffer (pH 
9.2). The mixture was slowly shaken at 37 °C for up to 4 h, purified by spin ultrafiltration 
using 10 kDa cut-off centrifuge tube filters (regenerated cellulose) (5000 x g, 5 min, RT), 
and then the obtained NOTA-functionalized UCNPs were re-suspended in 400 µL of 
MES/NaOH buffer (100 mM, pH 6.0). 
 
5.3.8 64Cu-Labeling Procedure.  
The production of 64Cu was performed at Cyclone® 18/9 (Helmholtz-Zentrum Dresden-
Rossendorf) by a 64Ni(p,n)→64Cu nuclear reaction, with molar activities of 150-250 GBq 
µmol-1 Cu, diluted in 10 mM HCl. For 64Cu labelling, [64Cu]CuCl2 solution (7.5 MBq) was 
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added to 50 µg of NOTA-functionalized PE/PC (3:2) -coated UCNPs in 50 µL of 
MES/NaOH buffer (100 mM, pH 6.0), and the reaction mixture was incubated at RT for 
30 min. The extent of 64Cu complexation was assessed by radio-TLC, using glass 
microfiber chromatography paper impregnated with a silica gel (iTLC-SG) as stationary 
phase and 2 M NH4OAc/MeOH (1:2 v/v) mixture as mobile phase. As a control, radio-
TLC analyses of [64Cu]CuCl2 and [64Cu]Cu-NOTA was also performed under the same 
conditions. Individual solutions (5 μL) were first mixed with 5 µL of EDTA (500 mM, pH 
7.4) and ∼1 µL was spotted at the origin. After TLC, the chromatography stripes were 
air-dried and exposed to a high-resolution phosphor imaging plate (GE Healthcare). The 
exposed plates were scanned with an Amersham Typhoon 5 Scanner (GE Healthcare). 
Free [64Cu]Cu (as an EDTA complex) and [64Cu]Cu-NOTA migrated to the solvent front 
(Rf = 1), whereas the radiolabeled UCNP remained at the origin (Rf = 0).  
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7 Annex 
7.1 Abbreviations  
 
ATR Attenuated Total Reflectance 
DAs Diacetylenes 
Dh Hydrodynamic diameter 
DLS Dynamic Light Scattering 
DMF N,N-Dimethylformamide 
DMSO Dimethyl Sulfoxide 
DSPE 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-1000] (ammonium salt) 
EDTA Ethylenediaminetetraacetic acid 
ESA Excited state absorption 
ET Energy transfer 
ETU Energy Transfer Upconversion 
ESI-MS Electrospray Ionization-Mass Spectrometry  
FITC Fluorescein isothiocyanate 
FTIR Fourier-Transform Infrared Spectroscopy 
h hours 
kDa Kilo Dalton 
Mn Number average molar mass 
min minutes 
MPS Mononuclear Phagocytic System 
NIR Near Infrared 
NM Nanomaterial 
NMR Nuclear Magnetic Resonance 
NOTA 1,4,7-Tri(carboxymethyl)-1,4,7-triazacyclononane 
NPs Nanoparticles 
OA Oleic acid 
OM Oleylamine 
OI Optical Imaging 
Annex 
121 
 
OPLT O-Phospho-L-threonine 
PA Photon avalanche 
PAGE Polyacrylamide Gel electrophoresis 
PBS Phosphate buffer Saline 
PC 1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine 
PCDA 10,12-Pentacosadiynoic acid 
PDAs Polydiacetylenes 
PE 1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (PE) 
 
PEG Poly(ethylene glycol) 
PTFE Polytetrafluoroethylene 
QDs Quantum Dots 
REE Rare earth elements 
RT Room temperature 
SA Surface area 
SAXS Small Angle X-ray Scattering 
SDS Sodium dodecyl Sulfate 
SPR Surface plasmon resonance 
TEM Transmission Electron Microscopic 
TGA Thermogravimetric Analysis 
TLC Thin Layer Chromatography 
UC Upconversion  
UCNPs Upconverting Nanoparticles 
UCQY Upconversion Quantum Yield 
UV Ultraviolet 
XRD X-ray Diffraction 
 
 
 
 
  
Annex 
122 
 
8 Publications, Communications and Awards 
Publications  
1. A. Nsubuga, K. Zarschler, M. Sgarzi,  B. Graham; H. Stephan, and T. Joshi, 
Towards Utilising Photocrosslinking of Polydiacetylenes for the Preparation of 
“Stealth” Upconverting Nanoparticles, Angew. Chem. Int. Ed. 2018, 57, 16036-
16040 Inside Cover 
 
2.  T. Joshi, M. Kubeil, A. Nsubuga, G. Singh, G. Gasser, and H. Stephan, 
Harnessing the Coordination Chemistry of 1,4,7-Triazacyclononane for 
Biomimicry and Radiopharmaceutical Applications, ChemPlusChem 2018, 
83(2018), 554-564 
 
3.  A. Nsubuga, M. Sgarzi, K. Zarschler, M. Kubeil, B. Graham, T. Joshi, and H. 
Stephan, Facile preparation of multi functionalisable stealth upcoverting 
nanoparticles for biomedical applications, Dalton Trans, (47) 2018, 8595-8604 
Front Cover 
4. J. Hesse, D.T. Klier, M. Sgarzi, A. Nsubuga, C. Bauer, J. Grenzer, R. Hübner, 
M. Wislicenus, T. Joshi, M.U. Kumke, and H. Stephan, Rapid Synthesis of Sub‐
10 nm Hexagonal NaYF4‐Based Upconverting Nanoparticles using Therminol® 
66, ChemistryOpen 2018, 7, 159 –168 
 
Oral communications:  
1. Nanotech France 2017 Conference and Exhibition (7-11 July 2017) Paris, 
Upconverting Nanophosphors: Preparation Strategies for highly colloidal 
Stable Particles 
 
2. 2nd International Symposium on Nanoparticles-Nanomaterials and Applications 
(18-21 January 2016) Caparica, Lisbon, Portugal Quantum dots for multiplexed 
clinical diagnostics: Upconverting luminescent nanoparticles for bioimaging 
 
Poster communications: 
1. Workshop ‘Immune-Imaging and Molecular Therapy (April 2017) Bruxelles, 
Surface engineering of neodymium doped nanophosphors 
 
2. EuCheMs chemistry congress (11-15 September 2016) Seville, Spain 
Upconverting Nanophosphors: Applications and Nanochemistry 
 
3. 2nd International Symposium on Nanoparticles-Nanomaterials and 
Applications (18-21 January 2016) Caparica, Lisbon, Portugal Quantum dots for 
multiplexed clinical diagnostics: Upconverting luminescent nanoparticles for 
bioimaging.  
 
Annex 
123 
 
Workshops and Summer School 
International Graduate Summer School on Nanobiomaterials (July 30th -3rd August), 
Concordia University, Montreal 
Workshop on Immune-Imaging and Molecular Therapy (24-28 April 2017), Vreije 
Universiteit Brussel, Bruxelles 
Workshop on Microscale Thermophoresis (29 - 31.October 2016), Munich 
 
Awards 
Fellowship from Concordia University’s Faculty of Arts and Science to attend 
the Graduate Summer School.  
 
 
 
  
Annex 
124 
 
Acknowledgements 
First and foremost, I would like to thank my academic supervisor Prof. Dr. Jörg Steinbach 
and my direct supervisor Dr. Holger Stephan for allowing to candidate for a PhD degree 
at the Institute of Radiopharmaceutical Cancer Research. 
I would also like to extend my gratitude to our various collaborators. I am thankful to Dr. 
Stephan Weiß not only for the thermogravimetric analysis but also for the fruitful 
scientific discussions. I would like to thank Dr. Robin Steudner for setting up the laser 
system and for his availability. I acknowledge Dr. Rene Hübner for the TEM images. 
Dr. Astid Barkleit I appreciate your immense support with lifetime measurements.  
To all my past and present colleagues (Garima Singh, David Bauer, Falco Reissig, Patrik 
Wieder, Dr. Kritee Pant, and Dr. Mathew Gott), I cannot begin to thank you enough for 
all the great times we have had throughout the years. You were truly a pleasure to work 
with. Thank you for all your help and support throughout my degree and for putting up 
with me. I know I can be very difficult at times! 
 
A special note of thanks to my bachelor student Erik Eiselt – who put in long hard hours 
and challenged me with constant queries. 
 
I would like to express my gratitude toward Dr. Massimo Sgarzi. I am extremely 
appreciative of your grateful guidance, encouragements and moral support over the past 
years. The immense support, inspiration and constructive suggestions you gave me were 
instrumental for my thesis. I thank you for correcting my dissertation, your remarks, 
comments, and questions helped improve the quality of this work.  
To Dr. Kristof Zarschler, more than a colleague you have become a dear friend. In these 
dark times where nationalism lurks, ambushed behind the fear of the other and the hatred 
of equality, it is comforting to have someone with great humanity and open-minded 
visions by my side. Over the years, we have shared many great memories, discussions, 
travels and laughs. I am very grateful for your constructive and insightful comments. 
Thank you for being patient with me in the controlled area, and most importantly thank 
you for performing and analyzing the biological experiments.  
Dr .Tanmaya Joshi, you joined the group at a moment when I was facing great hurdles. 
I greatly appreciate the time you dedicated to helping me with my many scientific queries 
and for all your suggestions, insights and input. I cannot find enough words to thank you 
for your continuous support. Thank you so much for correcting my thesis, your critical 
Annex 
125 
 
feedback has been extremely beneficial and has provided answers to my lingering 
questions.  
 I have learned a great deal from the three of you and I have become a better scientist 
because of that. You are great scientists, wonderful friends, and as I write these 
acknowledgements, I truly hope that one day our careers come to an intersection so that 
we can once again collaborate on some exciting projects. 
I would also like to acknowledge the Helmholtz Virtuel Institute “Nanotracking” (VH-VI-
421) for funding this project. 
 
 
  
Annex 
126 
 
9 Statement of declaration / Erklärungen 
Eidesstattliche Erklärung 
 
Die vorliegende Arbeit ist am Helmholtz-Zentrum Dresden-Rossendorf im Institut für 
Radiopharmazeutische Krebsforschung von August 2015 bis Dezember 2018 unter der 
wissenschaftlichen Betreuung von Herrn Prof. Dr. Jörg Steinbach und Herrn Dr. Holger 
Stephan angefertigt worden.  
 
Ich erkenne die Promotionsordnung der Fakultät Mathematik und Naturwissenschaften 
der Technischen Universität Dresden in der Fassung vom 23.02.2011 gemäß dem 
Änderungssatz vom 15.06.2011 an. 
 
Bisherige erfolglose Promotionsverfahren haben nicht stattgefunden. 
 
Dresden, den 31.01.2019 
 
 
 
 
Versicherung 
 
 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und 
ohne Benutzung anderer als der angegeben Hilfsmittel angefertigt habe; die aus 
fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche kenntlich 
gemacht. Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder 
ähnlicher Form einer anderen Prüfungsbehörde vorgelegt. 
Dresden, den 31.01.2019 
 
 
 
